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In this newsletter, we repeat some useful information on the Psi k Portal and how to upload
and distribute announcements. In addition to the usual workshop and position announcements
and abstracts of newly submitted and recent papers, this issue contains also a somewhat delayed
report on the 13th NANOQUANTA ETSF Workshop on ”Electronic Excitations: Theoretical
Spectroscopy and Quantum Transport”. The full report, including also abstracts of presented
papers, can be found in Psi k Resources on the Psi k Portal.
We would like to turn readers attention to the Psi k Training section and the ﬁrst announcement
of the Psi k Training Graduate School to take place on 20 26 September, 2009, in Bristol, United
Kingdom.
The scientiﬁc highlight of this issue is highly recommended. It is on ”First Principles Studies
of Multiferroic Materials” by Silvia Picozzi (L’Aquila, Italy) and Claude Ederer (Dublin
Ireland). It is 37 pages long and constitutes a thorough review of the current state of the ab
initio studies on multiferroic materials.
The table of contents should be consulted for further details on this issue.
The Uniform Resource Locator (URL) for the Psi k webpage is:
http://www.psi-k.org.uk/
Please submit all material for the next newsletters to the email address below.
The email address for contacting us and for submitting contributions to the Psi k newsletters is
function
psik-coord@dl.ac.uk messages to the coordinators, editor & newsletter
Dzidka Szotek, Martin L¨ uders and Walter Temmerman
e mail: psik coord@dl.ac.uk
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2.1 Uploading Information to Psi-k Portal
We are pleased to report that the transformation from the old moderated Psi k mailing list
to the Psi k Portal has been progressing very well. We already have around 1430 members
subscribed to the Portal. Also, uploading information to the Portal seems causing less and less
problems, with most people being very happy with it. However, for those remaining users who
still encounter problems, below we repeat the steps one needs to follow to successfuly upload e.
g. an announcement to the Psi k Announcements folder and have it distributed by e mail to all
the Portal members.
1. ’Login to Psi-k Portal’, accessed from http://www.psi k.org, by clicking on the former
while on the Psi k web page
2. While already on the Psi k Portal click on ’Psi-k Announcements’
3. Click on ’Add’ to get a window for uploading an announcement and then ﬁll in all the
required ﬁelds
4. Hyperlinks have to be added to any URLs of the web pages ocurring in the body of the
announcement by clicking on the option above the main text window, which looks like
’binnacles on a blue ball’ and typing the URL into the subsequently opened ﬁeld
5. Add Attachements, if any, by pressing this option
6. When all is typed and ﬁlled, then press ’Preview’ to see if all looks right
7. If yes, then for ’Email Notiﬁcation’ choose ’High - All Participants’
8. Don’t do anything about ’Access’ or ’Availability’ please, and leave them as they are by
default
9. Press ’Add Announcement’, and all is done.
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”Towards Atomistic Materials Design”
3.1 Reports on Psi-k Supported Workshops
3.1.1 Report on the 13th NANOQUANTA-ETSF Workshop on Electronic
Excitations: Theoretical Spectroscopy and Quantum Transport
Pugnochiuso
22-27 September 2008
Psi-k, NANOQUANTA EU Network of Excellence, ETSF (European
Theoretical Spectroscopy Facility)
Francesco SOTTILE, Valerio OLEVANO, Gian-Marco RIGNANESE,
Patrick RINKE, Ludger WIRTZ, John REHR
http://etsf.polytechnique.fr/drupal/index.php
Summary
The aim of the workshop was to assess the present status, the latest achievements, and future
perspectives of ab initio theories for the calculation of electronic excitations in condensed matter
and nanostructures. Furthermore, the related topic of quantum transport was a strong focus
of the meeting. 115 researchers participated in the workshop. 18 invited talks, 26 contributed
talks, 34 posters were presented during the 5 day workshop.
The ﬁrst session dealt with “DFT Development and Application”. In a keynote lecture, Leeor
Kronik (Weizann Institute) talked about the importance of self interaction correction and the
performance of hybrid functionals for the proper description of localized states in organic semi 
conductors. Volker Blum (Berlin) presented the progress of the Fritz Haber Institute in the
development of “DFT and beyond” code based on numerical localized orbitals. Applications of
this code for calculation of surface reconstruction at gold and platinum surfaces were presented
by Paula Havu (Berlin). Matthieu Verstraete (Louvain la Neuve) gave convincing evidence for
the inﬂuence of spin orbit coupling on the phonon dispersion of lead. Jelena Sjakste (Ecole
Polytechnique) presented an ab initio approach for electron phonon scattering in semiconduct 
ing nanostructures.
The session on “Strongly Correlated Systems” was introduced by Richard Martin (University of
Illinois and Stanford University) who compared the performance of the GW approximation and
6of dynamical mean ﬁeld theory (DMFT) for the description of strong correlations. Nicole Helbig
(San Sebasti´ an) presented the explicit calculation of the exchange correlation potential for a
simple model system (one dimensional hydrogen molecule). Franca Manghi (Modena) described
a “3 Body Scattering Theory” for the description of electron electron correlation in narrow 
band systems. Sangeeta Sharma (Berlin) presented a new exchange correlation functional which
captures the correct band gap behavior for weakly and strongly correlated insulators in the
framework of density matrix functional theory.
There were three sessions on “quantum transport”, demonstrating the growing interest of this
ﬁeld in the electronic excitation community. The sessions comprised 5 keynote lectures: Mas 
similiano Di Ventra (UC San Diego) gave a general introduction to the ﬁeld and discussed the
viscous nature of the electron liquid giving rise to non linear eﬀects. Stefano Sanvito presented
the Smeagol non equilibrium electronic transport code and its application to magnetic tunnel
junctions. Alexej Bagrets (Karlsruhe, replacing Ferdinand Evers) talked about the limitations
of local approximations to the exact XC functional and a way to overcome these limitations by
constructing a functional using the density matrix renormalization group. Jeﬀ Neaton (Berke 
ley) reviewed transport measurements on single molecule junctions and gave evidence for the
quantitative performance of DFT based methods including a band gap correction. Frank Ort 
mann (Jena) presented an ab initio framework for the calculation of the temperature dependent
mobility tensors in wide band and narrow band semiconductors. Contributed talks in the quan 
tum transport session covered memory eﬀects (Robert van Leeuwen, Univ. of Jyv¨ askyl¨ a; Stefan
Kurth, San Sebastian), applications to graphene nanostructures and carbon nanotubes (Didier
Mayou, Grenoble; Zeila Zanolli and Simon Dubois, Louvain la Neuve), GW and hybrid func 
tional corrections (Andrea Ferretti, Modena), and the use of a stroboscopic wavepacket basis
(Peter Bokes, Bratislava).
As in previous years, a keynote lecture was given by an experimentalist: Pierre Malet (Grenoble)
reviewed scanning tunneling microscopy and presented quantum interferences in graphene.
The session on “Optical Properties” contained contributions on Ge and Si nanocrystals (Margherita
Marsili, Rome; Roberto Guerra, Modena) and porphyrin oligomers (Conor Hogan, Rome), the
dynamic structure factor of metals (Marco Cazzaniga, Milan), and the linear density response
function within the time dependent exact exchange approximation (Maria Hellgren, Lund). Ap 
plications to graphene were discussed by Christine Giorgetti (Ecole Polytechnique) and Paolo
Trevisanutto (Grenoble).
A large session was devoted to “Theory Developments”. Double excitations were discussed in
the presentations of Pina Romaniello (Ecole Polytechnique) and Davide Sangalli (Milan). Ilya
Tokatly (San Sebastian) introduced the concept of quantum stress as an alternative tool to
visualize chemical bonding. Eleonora Luppi (Ecole Polytechnique) discussed the role of local 
ﬁeld eﬀects in the second order harmonic generation in crystalline semiconductors. Gianluca
Stefanucci (Rome) presented a real time view of electron spin manipulation in quantum dots.
New ways to overcome the diﬃculty of treating f electron systems in GW were presented by
Hong Jiang (Fritz Haber Institute).
In a session on “Methods and Implementations”, recent progress in code developments was
discussed. Myrta Gr¨ uning (Louvain la Neuve) presented a computational approach to calculate
7the real spectrum of non Hermitian Hamiltonians. Fabien Bruneval (CEA) showed how to obtain
precise GW bands with only a few empty states. Adriano Mosca Conte (Rome) demonstrated
how many body theory can be extended to large systems in the framework of the QM/MM
approach. Frank Fuchs (Jena) talked about an eﬃcient O(N2) approach for the solution of the
Bethe Salpeter equation.
The last session of the workshop was devoted to “applications of many body perturbation the 
ory”. Riad Shaltaf (Louvain la Neuve) explained how band oﬀsets in quantum hetero struc 
tures can be calculated within the GW approximation. Christoph Friedrich (J¨ ulich) presented
eﬃcient all electron GW calculations of complex materials. Arno Schindlmayr (Paderborn)
discussed spin excitations from ﬁrst principles. Marc Puig van Friesen (Lund) talked about
non equilibrium dynamics in strongly correlated clusters. The session ended with a presentation
of Michael Rohlﬁng (Osnabr¨ uck) on exchange and correlation eﬀects on adsorbation energies at
metal surfaces.
Besides the oral presentations, much attention was given to the poster presentations. A time slot
of three hours was devoted to the poster session and posters could be discussed during all the
coﬀee breaks of the 5 day workshop.
The next ETSF workshop on electronic excitations will take place in Evora, Portugal, September
15 19, 2009.
Talks and poster presentations
Monday 22 September
17:00-20:00 Registration
Tuesday 23 September
09:00 Welcome
9:30-10:20 DFT Development and Application (I)
09:30 Leoor Kronik (Weizmann Institute of Physics, Rehovoth, Israel)
Theoretical photoemission spectroscopy of organic semiconductors
10:00 Verstraete (Universidad del Pais Vasco, San Sebasti´ an)
Density Functional Perturbation Theory with Spin OrbitCoupling: Phonon Band Structure
of Lead
10:20-10:50 Caﬀeine Break
10:50-11:50 DFT Development and Application (II)
10:50 Elena Sjakste (Ecole Polytechnique, Palaiseau, France)
Electron phonon scattering in semiconducting nanostructures: ab initio approach
811:10 Volker Blum (Fritz Haber Institute of the Max Planck Society, Berlin)
“DFT and beyond” with localized orbitals: FHI aims
11:30 Paula Havu (Fritz Haber Institute of the Max Planck Society, Berlin)
How Au(100) and Pt(100) reorganize themselves: Large scale surface reconstructions stud 
ied by all electron DFT
12:00-14:30 Lunch Break
14:30-16:40 Strongly Correlated System
14:30 Richard Martin (University of Illinois, Urbana Champaign)
Combining concepts and methods of GW and DMFT for calculation of spectra and ther 
modynamics of interacting electron systems
15:00 Nicole Helbig (Universidad del Pais Vasco, San Sebasti´ an)
Kohn Sham potential of strongly correlated systems
15:20-15:50 Caﬀeine Break
15:50 Franca Manghi (Universit` a di Modena e Reggio Emilia)
e e correlations in narrow band systems
16:20 Sangeeta Sharma (Freie Universit¨ at, Berlin)
Reduced Density Matrix Functional for Many Electron Systems
16:50-18:30 Poster Session
18:30 Aperitivo
Wednesday 24 September
9:00-10:10 Quantum Transport (I)
09:00 Massimiliano Di Ventra (University of California, San Diego)
Many body eﬀects in the electrical resistance of nanoscale conductors and fundamental
limitations of the Landauer approach
09:30 Didier Mayou (Institut N´ eel, Grenoble)
Eﬃcient algorithms for the simulation of quantum transport in nanodevices: application
to graphene
10:00 Zeila Zanolli (Universit´ e Catholique de Louvain)
Gas sensors based on defective carbon nanotubes
10:20-10:50 Caﬀeine Break
10:50-12:10 Quantum Transport (II)
910:50 Stefano Sanvito (Trinity College, Dublin)
Can DFT quantum transport get it right?
11:20 Peter Bokes (University of Technology, Bratislava)
Non linear and time dependent quantum transport and its description using stroboscopic
wavepacket basis
11:50 Andrea Ferretti (Universit` a di Modena e Reggio Emilia)
GW and hybrid functional corrections to the calculation of transport properties in organic
systems
12:10-15:00 Lunch Break
14:30-15:00 Experiment
14:30 Pierre Mallet (Institut N´ eel, Grenoble)
Two dimensional quasiparticles probed by STM: Quantum interferences and wave function
symmetry
15:00-17:10 Optical Properties
15:00 Margherita Marsili (Universit` a di Roma “Tor Vergata”)
Quantum conﬁnment eﬀects on the electronic and optical properties of Ge nanocrystals
15:20 Maria Hellgren (Lund University)
Linear density response function within the time dependent exact exchange approximation
15:40-16:10 Caﬀeine Break
16:10 Marco Cazzaniga (Universit` a di Milano)
The dynamic structure factor of simple metals: a study of the electronic correlation in
solids
16:30 Roberto Guerra (Universit` a di Modena e Reggio Emilia)
Optical properties of Silicon Nanocrystallites in SiO2 matrix: amorphization and size
eﬀects
16:50 Conor Hogan (Universit` a di Roma Tor Vergata)
Optoelectronic properties of porphyrin oligomers
17:10-20:00 YR Meeting (Strictly-3-hours close doors session - beach forbidden!)
20:00 Social Dinner
Thursday 25 September
09:00-12:00 Quantum Transport (III)
1009:00 Ferdinand Evers (Karlsruhe University, Germany)
Ab inito calculations for molecular electronics: density functional theories
09:30 Simon Dubois(Universit´ e Catholique de Louvain) Electronic Transport in zig zag Graphene
Nanoribbons
09:50 Stefan Kurth (Freie Univerit´ at, Berlin)
Time dependent quantum transport: memory eﬀects and bound state oscillations
10:10-10:40 Caﬀeine Break
10:40 Jeﬀ Neaton (Molecular Foundry, Lawrence Berkeley National Laboratory)
Understanding the Conductance of Single Molecule Circuits from First Principles: Links,
Length, and Switching
11:10 Frank Ortmann (Friedrich-Schiller-Universit¨ at, Jena)
Uniﬁed Theory of Charge Transport in Wide Band and Narrow Band Semiconductors
11:40 Robert van Leeuwen (University of Jyv¨ askyl¨ a, Finland)
Initial correlations and memory in correlated quantum transport
12:00-15:00 Lunch Break
14:30-16:50 Theory Developments
14:30 Pina Romaniello (´ Ecole Polytechnique, Palaiseau)
Double excitations in ﬁnite systems
15:00 Ilya Tokatly (Universidad del Pa´ ıs Vasco, San Sebasti´ an)
Quantum stress focusing: A new tool for visualizing a chemical structure of matter
15:20-15:50 Caﬀeine Break
15:50 Eleonora Luppi (´ Ecole Polytechnique, Palaiseau)
Second order harmonic generation: the eﬀects of local ﬁelds.Applications to crystalline
semiconductors.
16:10 Davide Sangalli (Universit´ a degli Studi di Milano)
Hounting double excitations
16:30 Gianluca Stefanucci (Universit` a di Roma Tor Vergata)
Ultrafast manipulation of electron spins in a double quantum dot device: A real time view
16:50-20:00 Nanoquanta General Meeting
Friday 26 September
09:30-10:10 Graphene Applications
1109:00 Christine Giorgetti (´ Ecole Polytechnique, Palaiseau)
Ab Initio calculations of electronic excitations in carbon nanotubes and graphene layers
systems
09:30 Paolo Emilio Trevisanutto (Institut N´ eel, Grenoble)
Ab initio dynamical correlation eﬀects in graphene: disentangling
09:50-10:10 f-electron Applications
09:50 Hong Jiang (Fritz-Haber-Institut, Berlin)
f electron systems from the GW perspective:Applications to Rare Earth Oxides
10:10-10:40 Caﬀeine Break
10:40-12:10 Methods and Implementations
10:40 Myrta Gr¨ uning (Universit´ e Catholique de Louvain)
Frequency dependent response of non Hermitian Hamiltonians with real spectrum: an
eﬃcient and robust computational approach
11:00 Fabien Bruneval (CEA, Gif-sur-Yvette)
Accurate GW self energy with only a few empty states
11:20 Adriano Mosca Conte (Universit` a di Roma Tor Vergata)
Many Body extended to QM/MM: applications to Indole in water solution
11:50 Frank Fuchs (Friedrich-Schiller-University, Jena)
Eﬃcient O(N2) approach to solve the Bethe Salpeter equation for excitonic bound states.
12:10-15:00 Lunch Break
15:00-15:30 MBPT applications
15:00 Riad Shaltaf (Universit´ e Catholique de Louvain)
Band oﬀsets prediction within many body perturbation theory
15:30 Jeﬀ Neaton (Molecular Foundry, Berkeley)
Brief introduction on the Molecular Foundry
15:50-16:20 Caﬀeine Break
Saturday 27 September
09:00-11:40 MBPT applications (II)
09:00 Christoph Friedrich (Forschungszentrum J¨ ulich)
Eﬃcient all electron GW calculations of complex semiconductors and metals
1209:20 Arno Schindlmayr (Universit¨ at Paderborn)
Spin excitations in solids from ﬁrst principles
09:50-10:20 Caﬀeine Break
10:20 Marc Puig von Friesen (Lund University)
Non equilibrium dynamics in strongly correlated clusters
10:50 Michael Rohlﬁng (University of Osnabrueck)
Binding energy of adsorbates on a noble metal surface: exchange and correlation eﬀects
11:10 Farewell and Lunch
Poster presentations
Ludger Wirtz: Electron phonon coupling in graphite within the GW approximation
Yann Pouillon: Structural and optical transitions of Biliverdin
Daniele Varsano: First principle calculation of optical rotation and electronic circular dichroism
spectra: a real time real space implementation.
Yuchen Ma: Optical Excitation of the F center in Calcium Fluoride within Many body Pertur 
bation Theory
Viviana Garbuio: Excited state properties of water in its various phases: vapour, liquid and
solid
Tereza Sedivcova Uhlikova: The calculation of vibrational states of triatomic molecules using an
algebraic approach
E. Cannuccia: Ab initio study of the optical properties of avin mononucleotide (FMN) in gas
phase and in protein environment.
J¨ urgen Furthm¨ uller: The calculation of vibrational states of triatomic molecules using an alge 
braic approach
Andr´ e Schleife: Electrons in the conduction bands of TCOs
Xinguo Ren: Towards a full understanding of “CO adsorption puzzle”: many body electronic
structure of CO/Cu(111)
Hannes H¨ uebener: Second order harmonic generation in crystalline semiconductors
Matteo Guzzo: Nickel oxide: spin and exchange eﬀects
Bj¨ orn Oetzel: Quantum Transport Through Gold Wires: Ab Initio Studies Using Plane Waves
and Supercells
Hans Christian Weissker: Optical Properties of Ge Si Alloy Nanocrystals
M. Perez Jigato: Quasiparticle calculations of TCOs
Claudia R¨ odl: The Antiferromagnetic Transition Metal Oxides MnO, FeO, CoO, and NiO:
Electronic and Optical Properties
13Tonatiuh Rangel Gordillo: ABINIT + Wannier90: a powerful tool for a wide variety of problems
Federico Iori: Inﬂuence of the structure on electronic properties of V2O3
Maurizia Palummo: Ab initio energy loss spectra of Si and Ge nanowires
Wojciech Welnic: Electronic excitations at ﬁnite momentum transfer and short range order
changes in covalent materials   a joint theoretical and experimental approach
Ralf Hambach: Attempt to Spatially Resolved Electron Energy Loss Spectroscopy from First
Principles
M. Giantomassi: Pressure eﬀects on the superconducting transition in nH CaAlSi
Conor Hogan: Structure and Optical properties of the Sb stabilized GaSb(001) surface
J. Guilherme Vilhena A.D: Optical response of CdSe nanowires
Mohammed Bouhassoune: Electronic structure and eﬀective masses in strained silicon
Ersoy Sasioglu: Ab initio many body calculation of magnetic excitations in 3d transition metals
M. Bockstedte: Excess electron solvation on crystalline ice ﬁlms
Debora Prezzi: Optical properties of graphene nanoribbons
Val´ erie V´ eniard: Coupling of nonlocal potentials to electromagnetic
elds: inﬂhuence on the induced current
Lucia Caramella: Structural, magnetic and optical properties of Fe, FeS2 and CoS2
Angelica Zacarias: Applications of Molecular Electronics
Xochitl Lopez Lozano: Plasmon excitations of small single walled Carbon Nanotubes
F. Da Pieve: Multiple scattering approach to valence band and resonant photoemission
Marcos Verissimo Alves: Electronic Properties of Graphene Sheets with Adsorbed Atoms
List of participants
1. Ali Abedi Khaledi
2. Carl Olof Almbladh
3. Xavier Andrade
4. Friedhelm Bechstedt
5. Arjan Berger
6. Volker Blum
7. Michel Bockstedte
8. Peter Bokes
9. Silvana Botti
10. Mohammed Bouhassoune
11. Paul Boulanger
12. Galle Bruant
13. Fabien Bruneval
14. Elena Cannuccia
1415. Lucia Caramella
16. Marco Cazzaniga
17. Jean Christophe Charlier
18. Andrea Cucca
19. Fabiana Da Pieve
20. Rodolfo Del Sole
21. Massimiliano Di Ventra
22. Simon M. M. Dubois
23. Ferdinand Evers
24. Andrea Ferretti
25. Guido Fratesi
26. Christoph Friedrich
27. Frank Fuchs
28. Viviana Garbuio
29. Pablo Garcia Gonzalez
30. Matteo Gatti
31. Matteo Giantomassi
32. Christine Giorgetti
33. Rex Godby
34. Xavier Gonze
35. Eberhard Gross
36. Myrta Gruning
37. Roberto Guerra
38. Matteo Guzzo
39. Ralf Hambach
40. Karsten Hannewald
41. Javad Hashemi
42. Paula Havu Havu
43. Nicole Helbig
44. Maria Hellgren
45. Conor Hogan
46. Jiang Hong
47. Hannes H¨ ubener
48. Federico Iori
49. Alain Jacques
50. Furthmueller Juergen
51. Elham Khosravi
52. Leeor Kronik
53. Stefan Kurth
54. Giovanna Lani
55. Robert van Leeuwen
56. Xchitl Lpez Lozano
57. Eleonora Luppi
1558. Yuchen Ma
59. Pierre Mallet
60. Franca Manghi
61. Nicola Manini
62. Andrea Marini
63. Miguel Marques
64. Margherita Marsili
65. Richard Martin
66. Didier Mayou
67. Adriano Mosca Conte
68. Jeﬀrey Neaton
69. Bjrn Oetzel
70. Valerio Olevano
71. Giovanni Onida
72. Frank Ortmann
73. Maurizia Palummo
74. Anthony Patman
75. Manuel Perez Jigato
76. Yann Pouillon
77. Deborah Prezzi
78. Marc Puig von Friesen
79. Olivia Pulci
80. Tonatiuh Rangel Gordillo
81. Claudia Rdl
82. John Rehr
83. Lucia Reining
84. Xinguo Ren
85. Gian Marco Rignanese
86. Patrick Rinke
87. Michael Rohlﬁng
88. Pina Romaniello
89. Davide Sangalli
90. Stefano Sanvito
91. Ersoy Sasioglu
92. Arno Schindlmayr
93. Andr Schleife
94. Tereza Sedivcova Uhlikova
95. Riad Shaltaf
96. Sangeeta Sharma
97. Jelena Sjakste
98. Francesco Sottile
99. Adrian Stan
100. Martin Stankovski
16101. Gianluca Stefanucci
102. Ilya Tokatly
103. Paolo Emilio Trevisanutto
104. Daniele Varsano
105. Claudio Verdozzi
106. Marcos Verissimo Alves
107. Matthieu Verstraete
108. Jos Guilherme Vilhena Albuquerque d’Orey
109. Valrie Vniard
110. Hans Christian Weissker
111. Wojciech We  lnic
112. Ludger Wirtz
113. Angelica Zacarias
114. Zeila Zanolli
115. Alberto Zobelli
173.2 Announcements of Psi-k Supported Workshops
3.2.1 Workshop on Magnetism in Complex Systems - Spin Density Theory and
Beyond
TU-Vienna, Austria
April, 16-19, 2009
Sponsored by
Psi-k, TU-Wien, University Vienna, BMWF, CMS
Organized by
Peter Mohn and J¨ urgen Hafner
http://www.cms.tuwien.ac.at/
This graduate school wants to disseminate the present knowledge about magnetism and mag 
netic interactions in modern technologically relevant materials. To this end we invite both
theoreticians and experimentalists as lecturers and participants. One of our attempts is also to
bridge the gap between experiment and theory and bring together both worlds. Apart from the
lectures, there will be time for individual discussions between the lecturers and the participants.
The complete list of lectures can be found on our www page (click on psi-k workshop) as given
above.
Topics:
Magnetism in strongly correlated materials (or Magnetism and electronic correlation)
Magnetism in nano structures
Magnetism in intermetallic compounds
Magnetic Semiconductors
Magnetic anisotropy
Magnetism in bio relevant materials
Energy Loss Magnetic Chiral Dichroism, experiment and theory
184 Psi-k Training
4.1 Psi-k Training Graduate School
Bristol University, U. K.
20-26 September 2009
Funded by Psi-k and UK’s CCP9 Programme
The combined theory hands on Graduate School on electronic structure methods will take place
at Burwalls and the Physics Department in Bristol from Sunday, September 20, until Saturday
Saturday, September 26, 2009.
There will be 18 lectures over six days, eight lectures on theory and 10 lectures on the electronic
structure methods. The rest is all hands on experience with relevant codes. These codes are
ABINIT, Quantum Expresso, Exciting, SIESTA and SP KKR.
Further information can be found at
http://www.psi-k.org/Psik-training/psi-k_training2009.shtml.
Registration will open at the beginning of May.
195 General Workshop/Conference Announcements
5.1 Workshop on ”Trends in nanomechanics and nanoengineering”
Krasnoyarsk, Siberia, Russian Federation
August, 24-28, 2009
Siberian Federal University, Kirensky Institute of Physics RAS
http://tnn2008.conf.sfu-kras.ru/
The main purpose of the Workshop ”Trends in Nanome chanics and Nanoengineering” is to
highlight the latest scientiﬁc advances within the broad ﬁeld of nanomechanics in academia and
industry. This workshop will provide the opportunity for researchers coming from corners of the
world to be on a single platform for discussion, exchanging ideas and developing collaborations.
We plan to bring to gether the word’s leading scientists in the ﬁeld of nanostructure growth,
investigation of their properties and de velopment of nanodevices. Topics will include aspects
of nanotechnology such as (but are not limited to):
  Advances of developing of nanodevices Novel nanostructural materials and their electronic,
magnetic, and chemical properties;
  Theoretical methods for calculation of the properties of nanostructures;
  Modern experimental techniques for obtaining data on nanomaterials.
206 General Job Announcements
Post-doctoral/Research Associate Positions in NREL’s Solid
State Theory Group
with Alex Zunger
http://www.sst.nrel.gov
Research Areas
(1) Theory of Nanostructures ( See recent publications in:
http://www.sst.nrel.gov/nano_pub/nano.html
(2) Alloy Theory ( See recent publications in : http://www.sst.nrel.gov/ce_pub/alloys.html
(3) Theory of Photovoltaic semiconductors ( See recent publications in :
http://www.sst.nrel.gov/photovoltaics_pub/pv.htmlr
NREL’s Solid State Theory group is looking to ﬁll Postdoctoral /Research Associate positions
(depending on qualiﬁcations). The research area covers the theory of nanostructures, alloy
theory, theory of photovoltaic materials .The positions are made initially for one year, and re 
newable upon mutual consent for up to 3 years. Appointments are going to be decided by March
2009 .The start date is within calendar 2009 .The salary range is $48,000   $62,000 per year,
depending on seniority, qualiﬁcation and experience. Applicants are expected to have a strong
background in solid  state theory.
Interested candidates should send now their curriculum vitae, list of publications (including
preprints of unpublished papers, if possible), and arrange for two to three references addressed
to:
Alex Zunger, M/S 3213
Solid State Theory Group
National Renewable Energy Laboratory
1617 Cole Boulevard
Golden, Colorado 80401
Clariﬁcation or further details can be obtained via email to alex_zunger@nrel.gov
The Solid State Theory Group is headed by Alex Zunger and currently consists of ten Ph.D.’s in
condensed matter theory and interacts with a broad range of experimentalists. The group has
outstanding computational facilities, an excellent basic research atmosphere, and is located in
21the beautiful Rocky Mountains. Consult our web page for additional information on the group,
its history, research subjects, publications, current and past personnel and facilities.
NREL is an equal opportunity employer and proud of its commitment to diversity. Women and
minorities are encouraged to apply.
22Postdoctoral Position
CEA, Saclay, France
Ab initio Phase Diagram of the (U Pu C) and (U Pu O) Systems
Team
The position is opened for summer or fall 2009 in the Physical Metallurgy Laboratory of French
Atomic Energy Commission, CEA/SRMP, in Saclay, 25 km south of Paris, France. The Post doc
will be part of a group of 15 theoretical researchers working on material science at the atomic
scale with a focus on diﬀusion properties and behaviour under irradiation.
Presentation of the subject
This post doc funded by the European Seventh Research Framework Programme F BRIDGE
(Basic Research for Innovative Fuel Design for GEN IV systems) is part of a large experimental
and numerical eﬀort, using basic research, to provide a better understanding and description
of the thermodynamic properties of advanced fuels for Generation IV nuclear reactors Uranium
carbides as well as uranium oxides are contemplated for these future nuclear fuels. Under op 
eration uranium atoms will partly transform into plutonium atoms. In this context, the goal of
this post doc is to develop a thermodynamic description of the (U Pu C) and (U Pu O) systems
based on a cluster expansion at the atomic scale obtained from ab initio electronic structure
calculations. Cluster expansion on a rigid lattice based on ab initio calculations have proven
very powerful to describe the phase diagrams of alloys (i.e. relative stability of phases, solubility
limits and order disorder transitions). They are also the basic ingredient of successful modelling
of the kinetic evolution of the composition of these alloys through atomic diﬀusion and/or under
ballistic mixing due to irradiation processes. The carbide system (U Pu C) will be considered
ﬁrst. A cluster expansion describing in an approximate manner the energetics of any partic 
ular occupancies of the equilibrium atomic sites shall be obtained. To do so a database will
be build from devoted ab initio electronic structure calculations that will give the energetics of
real or ﬁctitious atomic structures. From this database the cluster expansion will be obtained
by a ﬁtting procedure (using e.g. the ATAT code, http://www.its.caltech.edu/ avdw/atat/).
This cluster expansion will then be used in equilibrium Monte Carlo simulations or in Cluster
Variation Method simulations to study the temperature composition phase diagram. One thus
will end up with an atomistic description of the phase diagram of the (U Pu C) systems. The
oxygen system (U Pu O) will then be tackled applying the same methodology. In a second step
the cluster interaction models will be enriched to allow the description of the energies of atomic
migrations as a function of the surroundings of the moving atom. Once again we shall begin
with the U Pu C alloy. With this improved model one will be able to tackle the kinetic evolution
of the local composition of the alloy under thermal and/or irradiation solicitations. This will
be done by Atomic Kinetic Monte Carlo simulations or in mean ﬁeld simulations. We will be
able therefore to obtain the evolution and steady states of the (U Pu C) system under thermal
23ageing or irradiation. Considering the U Pu O alloy will be more challenging and will involve
methodological developments. Indeed, this system being insulating, charge eﬀects which have
no equivalent in the metallic systems may play a role in the kinetics. Methodological work will
be therefore needed to establish a satisfactory way to accommodate smoothly these eﬀects. The
methodological development will be directly tested and applied on the U Pu O system.
Conditions
The initial contract, starting anytime in summer or fall 2009, will be for one year with an easy
extension for one more year. The salary is approximately 2200 euros per months.
The administrative conditions are:
 PhD thesis prepared outside of a CEA laboratory;
 Thesis defence less than two years old (if French nationality);
 Maximum one previous post doc (outside CEA) or less than 6 months unemployment since
thesis defense (if French nationality);
 Aged under thirty (if French nationality).
Applications
Please send CV, motivation letter and letters of recommendation or contact information for
references to:
Jean Paul Crocombette
CEA Saclay, Service de Recherches de M´ allurgie Physique (SRMP)
91191 Gif/Yvette Cedex
jean paul.crocombette@cea.fr
http://crocombette.free.fr/
24Postdoctoral Position in Computational/Theoretical Chemistry
or Solid State Physics (Band Structure)
State University of New York at Buﬀalo, USA
A position for a postdoctoral researcher in computational/theoretical chemistry will be available
in the group of Eva Zurek. I am currently a postdoc in the group of Roald Hoﬀmann, at Cornell,
and will start as an assistant professor in the Chemistry Department at SUNY Buﬀalo in Aug.
2009.
The starting date is somewhat ﬂexible; however sometime between Aug. 2009 and Oct. 2009
would be preferred. The initial contract will be for one year, with a possible extension for an 
other year upon mutual agreement.
A PhD in computational chemistry, solid state physics, or a closely related area is required.
I am looking for a creative individual whose strength lies in the application of molecular and
periodic program packages (ﬁrst principles, DFT and other) to study the electronic structure
and properties of materials and nanoscale systems. Good communication and writing skills in
English are required.
The research topic can be decided depending on your background and interests. Possible projects
include computational studies of: (i) carbon nanotubes, (ii) gold and other nanoclusters, (iii)
electrides and solvated electrons, (iv) solids under high pressure, (v) catalysis. For more infor 
mation, please see:
http://www.chemistry.buﬀalo.edu/people/faculty/zurek/.
Buﬀalo is a lively city located in the western part of the State of New York, USA, near the
Canadian border. The greater Buﬀalo area has a population of about a million. There are
many local attractions, galleries and museums, annual events and festivals, and recreational
sites within easy reach. E.g. the nearest skiing resorts as well as the Niagara Falls are reached
by car within 30 to 45 minutes. During the winter we are blessed with descent amounts of good
quality snow for winter sports. Across the Canadian border, Toronto is close enough for a day
trip.
If you wish to apply for the position please email your resume to ez56@cornell.edu. If it appears
that we have compatible research interests I will subsequently ask you to arrange for two letters
of recommendation from current and former research supervisors to be emailed to me.
25Postdoctoral Position
CEA, Grenoble, France
Postdoctoral positions in ab initio methods based on wavelets
Two postdoctoral positions based at the atomistic Simulation group (L Sim, CEA Grenoble,
http://inac.cea.fr/L Sim) are available to carry out research on ab initio methods based on
wavelet.
The ﬁrst position is sponsorised by the French National Research Agency project ProHMPT to
exploit hybrid architectures (graphics processor units, GPU). The goal is to optimize and does
some applications with the BigDFT code on hybrid architectures. A ﬁrst preliminary version
has a speedup of 7 between GPU and a traditional core of the whole code. Target applications
will be in the ﬁeld of growth and kinetics in semi conductors.
The second position is sponsorised by the French National Research Agency project SAMSON
to use adaptive methods with order N in the BigDFT code. The goal is to re use previous ab
initio calculations when a small displacement is applied to the system. Target applications are
to study kinetics of materials or macro molecules.
Applicants are expected to have a strong background in ab initio methods, as well as a program 
ming experience. A background in mathematics or in computer science would be appreciated.
The positions are available immediatly and the duration is one year renewable upon mutual
agreement.
Interested candidates should mail curriculum vitae, list of publications and arrange for two ref 
erences addressed to:
Thierry Deutsch
INAC/SP2M/L Sim
CEA Grenoble, cedex 9
F 38054 Grenoble, France
e mail: tdeutsch@cea.fr
Further details can be obtained via email to tdeutsch@cea.fr or visiting the lab web site:
http://inac.cea.fr/L Sim.
267 Abstracts
Local density approximation combined with Gutzwiller method
for correlated electron systems: Formalism and applications
XiaoYu Deng, Lei Wang, Xi Dai, and Zhong Fang
Beijing National Laboratory for Condensed Matter Physics and Institute of Physics,
Chinese Academy of Sciences, Beijing 100190, China
Abstract
We report in detail our ab initio local density approximation (LDA) + Gutzwiller method,
in which the Gutzwiller variational approach is naturally incorporated with the density 
functional theory through the Gutzwiller density functional theory (which is a generalization
of original Kohn Sham formalism). This method can be used for ground state determination
of electron systems ranging from weakly correlated metal to strongly correlated insulators
with long range ordering. We will show that its quality for ground state is as high as that
by dynamic mean ﬁeld theory, and yet it is computationally much cheaper. In addition, the
method is fully variational, the charge density self consistency can be naturally achieved,
and the quantities, such as total energy and linear response, can be accurately obtained
similarly as with LDA type calculations. Appli  cations on several typical systems are pre 
sented, and the characteristic aspects of this method are clariﬁed. The obtained results using
LDA+ Gutzwiller are in better agreement with existing experiments, suggesting signiﬁ  cant
improvements over LDA or LDA+ U.
(Phys. Rev. B, 79 075114)
Contact person: zfang@aphy.iphy.ac.cn
27First-Principles Kinetic Monte Carlo Simulations for
Heterogeneous Catalysis: Concepts, Status and Frontiers
Karsten Reuter
Fritz-Haber-Institut der Max-Planck-Gesellschaft,
Faradayweg 4–6, 14195 Berlin, Germany
Abstract
(to appear in: “Modeling Heterogeneous Catalytic Reactions: From the Molecular Process to
the Technical System”, O. Deutschmann (Ed.), Wiley VCH, Weinberg (2009).)
Contact person: Karsten Reuter (reuter@fhi berlin.mpg.de)
28Stabilizing a Molecular Switch at Solid Surfaces:
A Density-Functional Theory Study of Azobenzene at Cu(111),
Ag(111), and Au(111)
Erik McNellis,1 J¨ org Meyer,1 Abbas Dehghan Baghi,2 and Karsten Reuter1
1Fritz-Haber-Institut der Max-Planck-Gesellschaft,
Faradayweg 4–6, 14195 Berlin, Germany
2I.C.T.P Aﬃliated Center, Physics Department,
Isfahan University of Technology, Isfahan-Iran
Abstract
We present a density functional theory trend study addressing the binding of the trans cis
conformational switch azobenzene (C6H5 N=N C6H5) at three coinage metal surfaces. From
the reported detailed energetic, geometric, and electronic structure data we conclude that
the governing factor for the molecule surface interaction is a competition between covalent
bonding of the central azo ( N=N ) bridge on the one hand and the surface interaction of
the two closed shell phenyl ( C6H5) rings on the other. With respect to this factor the cis
conformer exhibits a more favorable gas phase geometric structure and is thus more stabilized
at the studied surfaces. With the overall binding still rather weak the relative stability of
the two isomers is thereby reduced at Ag(111) and Au(111). This is signiﬁcantly diﬀerent at
Cu(111), where the cis bonding is strong enough to even reverse the gas phase energetic order
at the level of the employed semi local electronic exchange and correlation (xc) functional.
While this actual reversal may well be aﬀected by the deﬁciencies due to the approximate xc
treatment, we critically discuss that the rationalization of the general eﬀect of the surface on
the meta stable molecular states is quite robust. This should equally hold for the presented
analysis of recent tip manipulation and photo excitation isomerization experiments from the
view point of the derived bonding mechanism.
(submitted to: Phys. Rev. B)
Contact person: Erik McNellis (mcnellis@fhi berlin.mpg.de)
29Insight from ﬁrst principles into the nature of the bonding
between water molecules and 4d metal surfaces
Javier Carrasco,1 Angelos Michaelides,1,2 and Matthias Scheﬄer1
1Fritz-Haber-Institut der Max-Planck-Gesellschaft,
Faradayweg 4–6, 14195 Berlin, Germany
2Materials Simulation Laboratory,
London Centre for Nanotechnology and Department of Chemistry,
University College London,
London WC1E 6BT, UK
Abstract
We address the nature of the bond between water molecules and metal surfaces through a
systematic density functional theory (DFT) study of H2O monomer adsorption on a series of
close packed transition metal surfaces: Ru(0001), Rh(111), Pd(111), and Ag(111). Aiming
to understand the origin behind energetic and structural trends along the 4d series we employ
a range of analysis tools such as the electron reactivity function, decomposition of densities
of states, electron density diﬀerences, and inspection of individual Kohn Sham orbitals. The
results obtained from our DFT calculations allow us to rationalize the bonding between
water and transition metal surfaces as a balance of covalent and electrostatic interactions.
A frontier orbital scheme based on so called two center four electron interactions between
the molecular orbitals of H2O — mainly the 1b1 — and d band states of the surface proves
incisive in understanding these systems.
(submitted to: J. Chem. Phys)
Contact person: Angelos Michaelides (michaeli@fhi berlin.mpg.de)
30A one-dimensional ice structure built from pentagons
Javier Carrasco,1,2 Angelos Michaelides,1,2 Matthew Forster,3
Sam Haq,3 Rasmita Raval,3 and Andrew Hodgson3
1Fritz-Haber-Institut der Max-Planck-Gesellschaft,
Faradayweg 4–6, 14195 Berlin, Germany
2Materials Simulation Laboratory,
London Centre for Nanotechnology and Department of Chemistry,
University College London,
London WC1E 6BT, UK
3Surface Science Research Centre,
The University of Liverpool,
Liverpool L69 3BX, UK
Abstract
Heterogeneous nucleation and crystallisation of water plays a key role in ﬁelds as diverse
as atmospheric chemistry, astrophysics, and biology. Ice nucleation on metal surfaces oﬀers
a unique opportunity to watch this process unfold, providing a detailed molecular scale
description of the initial stages of heterogeneous ice nucleation and growth at a well deﬁned,
planar interface. The one universal feature of all structural models proposed to date for
such ﬁlms is that they are built from hexagonal arrangements of molecules. Here we show,
through a combination of scanning tunneling microscopy, infra red spectroscopy, and density 
functional theory, that ca. one nanometer wide water ice chains that nucleate and grow on
a Cu(110) substrate are not built from hexagons, but instead are built from a face sharing
arrangement of water pentagons. This reveals an unanticipated structural adaptability of
water ice ﬁlms, forsaking the previous universal assumption that ice nucleation and growth
on surfaces is necessarily based upon the hexagonal motif.
appeared in: Nature Mater. doi:10.1038/nmat2403
Contact person: Angelos Michaelides (michaeli@fhi berlin.mpg.de)
31Bridging the gap between nanoparticles and
single crystal surfaces
Payam Kaghazchi,1 Felice C. Simeone,2 Khaled A. Soliman,2
Ludwig A. Kibler,2 and Timo Jacob1,2
1Fritz-Haber-Institut der Max-Planck-Gesellschaft,
Faradayweg 4–6, 14195 Berlin, Germany
2Institut f¨ ur Elektrochemie, Universit¨ at Ulm, Ulm, D-89081, Germany
Abstract
Using density functional theory calculations and the extended ab initio atomistic ther 
modynamics approach, we studied the adsorption of oxygen on the diﬀerent surface faces,
which are involved in the faceting of Ir(210). Constructing the (p,T) surface phase dia 
grams of the corresponding surfaces in contact with an oxygen atmosphere, we ﬁnd that at
high temperatures the planar surfaces are stable, while lowering the temperature stabilizes
those nano facets found experimentally. Afterwards, we constructed the (a,T, φ) phase di 
agram for Ir(210) in contact with an aqueous electrolyte and found that the same nanofacets
should be stable under electrochemical conditions. Motivated by this prediction from the 
ory, experiments were performed using cyclic voltammetry and in-situ scanning tunneling
microscopy. The presence of nanofacets for Ir(210) gives rise to a characteristic current peak
in the hydrogen adsorption region for sulfuric acid solution. Furthermore, ﬁrst results on the
electrocatalytic behavior of nano faceted Ir(210) are presented.
appeared in: Faraday Discuss. 140, 69 (2009))
Contact person: Timo Jacob (jacob@fhi berlin.mpg.de)
32Controlling polarization at insulating surfaces: quasiparticle
calculations for molecules adsorbed on insulator ﬁlms
Christoph Freysoldt,1 Patrick Rinke,1,2 and Matthias Scheﬄer1,2
1Fritz-Haber-Institut der Max-Planck-Gesellschaft,
Faradayweg 4–6, 14195 Berlin, Germany
2Materials Department, University of California, Santa Barbara, CA 93106, USA
Abstract
By means of quasiparticle energy calculations in the G0W0 approach, we show for the
prototypical insulator/semiconductor system NaCl/Ge(001) that polarization eﬀects at the
interfaces noticeably aﬀect the excitation spectrum of molecules adsorbed on the surface of
the NaCl ﬁlms. The magnitude of the eﬀect can be controlled by varying the thickness of the
ﬁlm, oﬀering new opportunities for tuning electronic excitations in e.g. molecular electronics
or quantum transport. The excitation spectrum of the NaCl ﬁlms themselves is also aﬀected
by the same polarization eﬀects, which has important implications for the interpretation of
surface science experiments for the characterization of insulator surfaces.
(submitted to: Phys. Rev. Lett.)
Contact person: Christoph Freysoldt (freysoldt@mpie.de)
33Seeing the Fermi Surface in Real Space by Nanoscale Electron
Focusing
Alexander Weismann1,2, Martin Wenderoth1, Samir Lounis3, Peter Zahn4,
Norbert Quaas1, Rainer G. Ulbrich1, Peter H. Dederichs3, and Stefan Bl¨ ugel3
1IV Physikalisches Institut, Universit¨ at G¨ ottingen,
37077 G¨ ottingen, Germany
2Courant Research Center G¨ ottingen, 37077 G¨ ottingen, Germany
3Institut f¨ ur Festk¨ orperforschung and Institut for Advanced Simulation,
Forschungszentrum J¨ ulich, 52425 J¨ ulich, Germany
4Fachbereich Physik, Martin-Luther-Universit¨ at Halle-Wittenberg,
06099 Halle, Germany
Abstract
The Fermi surface that characterizes the electronic band structure of crystalline solids
can be diﬃcult to image experimentally in a way that reveals local variations. We show
that Fermi surfaces can be imaged in real space with a low temperature scanning tunneling
microscope when subsurface point scatterers are present: in this case, cobalt impurities under
a copper surface. Even the very simple Fermi surface of copper causes strongly anisotropic
propagation characteristics of bulk electrons that are conﬁned in beamlike paths on the
nanoscale. The induced charge density oscillations on the nearby surface can be used for
mapping buried defects and interfaces and some of their properties.
(Science 323, 1190 (2009), Feb 27th 2009)
Contact persons: s.lounis@fz juelich.de, peter.zahn@physik.uni halle.de
348 SCIENTIFIC HIGHLIGHT OF THE MONTH: First
Principles Studies of Multiferroic Materials
First Principles Studies of Multiferroic Materials
Silvia Picozzi1 and Claude Ederer2
1Consiglio Nazionale delle Ricerche   Istituto Nazionale per la Fisica della Materia
(CNR INFM), CASTI Regional Laboratory, 67100 L’Aquila, Italy
2School of Physics, Trinity College, Dublin 2, Ireland
Abstract
Multiferroics, materials where spontaneous long range magnetic and dipolar orders coex 
ist, represent an attractive class of compounds, which combine rich and fascinating funda 
mental physics with a technologically appealing potential for applications in the general area
of spintronics. Ab-initio calculations have signiﬁcantly contributed to recent progress in this
area, by elucidating diﬀerent mechanisms for multiferroicity and providing essential informa 
tion on various compounds where these eﬀects are manifestly at play. In particular, here we
present examples of density functional theory investigations for two main classes of materials:
a) proper multiferroics (where ferroelectricity is driven by hybridization or purely structural
eﬀects), with BiFeO3 as prototype material, and b) improper multiferroics (where ferroelec 
tricity is driven by correlation eﬀects and is strongly linked to electronic degrees of freedom
such as spin, charge, or orbital ordering), with rare earth manganites as prototypes. As for
proper multiferroics, ﬁrst principles calculations are shown to provide an accurate qualitative
and quantitative description of the physics in BiFeO3, ranging from the prediction of large
ferroelectric polarization and weak ferromagnetism, over the eﬀect of epitaxial strain, to the
identiﬁcation of possible scenarios for coupling between ferroelectric and magnetic order.
For the class of improper multiferroics, ab-initio calculations have shown that, in those cases
where spin ordering breaks inversion symmetry (i.e. in antiferromagnetic E type HoMnO3),
the magnetically induced ferroelectric polarization can be as large as a few  C/cm2. The
presented examples point the way to several possible avenues for future research: On the
technological side, ﬁrst principles simulations can contribute to a rational materials design,
aimed at identifying spintronic materials that exhibit ferromagnetism and ferroelectricity at
or above room temperature. On the fundamental side, ab-initio approaches can be used to
explore new mechanisms for ferroelectricity by exploiting electronic correlations that are at
play in transition metal oxides, and by suggesting ways to maximize the strength of these
eﬀects as well as the corresponding ordering temperatures.
1 Introduction to multiferroic materials
Recent years have seen an enormous increase in research activity in the ﬁeld of multiferroic
materials and magneto electric eﬀects. In December 2007 Science Magazine listed multiferroic
35materials as one out of ten “Areas to watch in 2008”, the only entry from the Materials Sci 
ence/Condensed Matter area that was included in this list. First principles calculations using
density functional theory (DFT) [1–3] have played an important role in this “Renaissance of
Magnetoelectric Multiferroics” [4]. In the present paper we give a brief summary of the current
status of research on multiferroic materials and highlight some of the contributions that have
been made using ﬁrst principles electronic structure calculations.
According to the original deﬁnition put forward by Hans Schmid [5], multiferroic materials are
materials that combine two or more of the primary forms of ferroic order, i.e. ferroeleasticity,
ferroelectricity, ferromagnetism, and ferrotoroidicity. In practice, most of the recent research has
focused on materials that combine some form of magnetic order (ferromagnetic, antiferromag 
netic, non collinear, ...) with ferroelectricity. Therefore, the term multiferroics is nowadays
often used synonymous with magnetic ferroelectrics.
Research on multiferroics (or magnetic ferroelectrics) is also intimately interwoven with re 
search on the magneto-electric eﬀect, which is the property that in certain materials a magnetic
ﬁeld induces an electric polarization and, conversely, an electric ﬁeld induces a magnetization.
Traditionally, one distinguishes between linear, quadratic, and higher order magneto electric ef 
fects [6], but more recently the term “magneto electric eﬀect” is often (mis )used to describe any
form of cross correlation between magnetic and (di )electric properties. (For example, when the
application of an external magnetic ﬁeld induces a phase transition between ferroelectric/non 
ferroelectric phases.) It is important to point out, though, that not every magnetic ferroelectric
exhibits a linear magneto electric eﬀect (in the original sense) and that not every material that
exhibits a linear magneto electric eﬀect is also simultaneously multiferroic.
Due to the combination of magnetic and dielectric properties, with eventual cross coupling be 
tween these properties, multiferroics have immense potential for technological device applications
and at the same time they pose very interesting and rich fundamental physics problems. It is
probably this combination of applied and fundamental research that is partly responsible for the
strong attraction that these materials have developed in recent years.
Multiferroics form a very diverse class of materials, and there is no unique “theory of multi 
ferroics”. Nearly every material has to be studied on its own right, and eventually involves
very diﬀerent physical mechanisms than other multiferroic materials. However, it has proven
to be very useful to classify diﬀerent multiferroics according to the mechanism that drives the
ferroelectricity in the corresponding systems. In particular two major classes of multiferroics
can be distinguished:
1. Multiferroics, where the ferroelectricity is driven by hybridization and covalency or other
purely structural eﬀects.
2. Multiferroics, where the ferroelectricity is driven by some other electronic mechanism, e.g.
“correlation” eﬀects.
In the second case, ferroelectricity always arises as a secondary eﬀect that is coupled to some
other form of ordering, such as magnetic or charge ordering. Therefore, these systems are
often called “improper magnetic ferroelectrics”. We note that also in the ﬁrst class at least
one material, hexagonal YMnO3, has been classiﬁed as an improper ferroelectric, where the
36electric polarization is not the primary order parameter, but instead is coupled to a diﬀerent
non polar structural instability [7]. In spite of that, and for the purpose of this article, we
will call materials belonging to the ﬁrst category “proper magnetic ferroelectrics” (or “proper
multiferroics”), whereas materials in the second category will be called “improper magnetic
ferroelectrics” (or “improper multiferroics”). We note that this “zoology” of multiferroics is still
work in progress, and that the discovery of new materials might require a further reﬁnement or
redeﬁnition of previous classiﬁcations.
In this article, we are not attempting to provide a complete review of all ﬁrst principles work
that has been carried out so far. Instead, we discuss some speciﬁc examples that illustrate the
power of these methods in elucidating the physical origins of the observed properties of known
multiferroics, and point out the possibilities in predicting novel eﬀects and designing new mate 
rials with optimized properties. Also, we focus only on single phase (bulk) materials, therefore
leaving out all those eﬀects coming from the combination of ferroelectrics and ferromagnets in
(artiﬁcial) multiferroic heterostructures. Several excellent review articles about general aspects
of multiferroic materials and magneto electric eﬀects have already been published, see for exam 
ple Refs. [8–13], and much of the early ﬁrst principles work has also been reviewed in Ref. [14],
and more recently in Ref. [15].
The remainder of this article is structured as follows: we start by giving a more detailed discus 
sion of proper magnetic ferroelectrics, and we summarize some of the key developments where
ﬁrst principles studies have made important contributions. We then focus in particular on re 
search related to BiFeO3, which is probably the most studied multiferroic material to date. After
that, we give an overview over more recent advancements in the ﬁeld of improper multiferroics,
and discuss some recent work on various manganite systems: orthorhombic E type HoMnO3 and
half doped La0.5Ca0.5MnO3. We end with some conclusions and perspectives for future research.
Finally, before starting our discussion of proper and improper multiferroics, we want to mention
that even though no new calculational techniques have to be developed for the study of these
materials, research on multiferroics typically involves a combination of a variety of advanced
techniques, most of which have been established only during the last decade (roughly speak 
ing). These techniques include for example beyond LDA/GGA approaches for the treatment of
strongly correlated transition metal oxides, mostly LSDA+U [16,17], methods for the treatment
of non collinear magnetism [18] and spin orbit coupling [19], the Berry phase approach to cal 
culate electric polarization [20,21] combined with a further analysis using maximally localized
Wannier functions [22], and many more.
2 Proper magnetic ferroelectrics
Most of the “early” ﬁrst principles work on multiferroics was focused on proper magnetic fer 
roelectrics, in particular on identifying mechanisms for ferroelectricity that are compatible with
the simultaneous presence of magnetic order.
In conventional ferroelectrics such as BaTiO3 and PbTiO3, hybridization eﬀects between the
ﬁlled oxygen p states and the empty transition metal d states are essential for the appearance of
the structural instability that causes ferroelectricity [23]. Early ﬁrst principles work pointed out
37that such a mechanism is unfavorable if the transition metal d states are partially ﬁlled, which
to some extent explains the relative scarcity of magnetic ferroelectrics [24,25].
The ferroelectricity in multiferroic materials is therefore generally caused by a diﬀerent mech 
anism than in prototypical ferroelectric materials such as BaTiO3, PbTiO3, or KNbO3, which
all contain transition metal cations with a formal d0 conﬁguration. As in the case of these
conventional ferroelectrics, electronic structure calculations have been crucial in identifying and
classifying diﬀerent mechanisms for ferroelectricity that are also compatible with the simultane 
ous presence of partially ﬁlled d of f states.
Two such mechanisms have emerged from these early studies:
1. Ferroelectricity caused by stereo chemically active “lone pair” cations, e.g. Bi3+ or Pb2+.
2. “Geometric ferroelectricity”, where the structural instability is driven by size eﬀects and
other geometrical considerations.
It is well known in chemistry, that cations containing a highly polarizable 5s or 6s lone pair
of valence electrons have a strong tendency to break local inversion symmetry. This can be
understood by a mixing between ns and np electron states, which can lower the energy of the
cation, but is only allowed if the ionic site is not an inversion center. Alternatively, in a solid
this tendency can be understood as cross gap hybridization between occupied oxygen p and
unoccupied np states of the lone pair cation, similar to the cross gap hybridization between
occupied oxygen p and unoccupied transition metal d states that gives rise to the ferroelectricity
in conventional ferroelectrics [26]. In fact, the presence of the lone pair active Pb2+ cation is an
important factor for the ferroelectric properties of PbTiO3 (in addition to the presence of the
d0 Ti4+ cation) [23]. The lone pair mechanism was identiﬁed as the source of the ferroelectric
instability in BiMnO3 [27,28] and BiFeO3 [29,30].
In contrast to this, the ferroelectric instability in geometric ferroelectrics does not involve any
signiﬁcant re hybridization eﬀects. Instead, a structural instability in such systems is generated
mainly by size eﬀects and geometric constraints, i.e. the space ﬁlling and ionic coordination in
the “ideal” high symmetry structure is not optimal, but can be improved by a small distortion
that eventually breaks inversion symmetry. The ﬁrst material that was identiﬁed as geometric
ferroelectric is hexagonal YMnO3 [31] (see Fig. 1a). First principles calculations showed that the
ferroelectric structure of this material results from an interplay between a polar Γ point mode and
a non polar Brillouin zone boundary mode that leads to a unit cell tripling [7,31]. Furthermore,
calculated phonon frequencies together with group theoretical analysis suggests that YMnO3
is an improper ferroelectric, where the hexagonal point group of the centrosymmetric high 
symmetry structure allows a coupling between the otherwise stable Γ−
2 and the unstable K3
mode [7].
An example for proper geometric ferroelectricity has been found in the series of antiferromagnetic
(AFM) ﬂuorides BaMF4, where M can be Mn, Fe, Co, or Ni [32]. The special connectivity of
the ﬂuorine octahedra in these systems, which are arranged in quasi two dimensional sheets,
gives rise to one unstable phonon mode that involves alternating octahedral rotations together
with an overall shift of the interjacent Ba cations relative to the other ions (see Fig. 1b). This
shift creates an electric dipole moment, and since only one structural mode is involved the
38Figure 1: Crystal structures of various magnetic ferroelectrics: a) YMnO3, which has been clas 
siﬁed as improper geometric ferroelectric, crystallizes in a layered hexagonal structure, consist 
ing of a two dimensional arrangement of connected oxygen bi pyramids surrounding the Mn3+
cations that are separated by layers of Y3+ cations. b) BaNiF4, a proper geometric ferroelec 
tric, is found in an orthorhombic structure with buckled planes of ﬂuorine octahedra around
the Ni2+ cations and additional interjacent Ba2+ cations. c) BiFeO3, where the ferroelectricity
is driven by the stereochemically active Bi3+ cation, exhibits a rhombohedrally distorted per 
ovskite structure, where all ionic sublattices are displaced relative to each other along the polar
(111) direction, and the oxygen octahedra are rotated around the same (111) axis, alternately
clockwise and counter clockwise.
39corresponding ferroelectricity is classiﬁed as “proper”. Due to the fact that ﬂuorine systems
are generally much more ionic and less covalent than oxides, geometric ferroelectricity can be
expected to be the dominant source for ferroelectric instabilities in ﬂuoride compounds.
Very recently, the question of why exactly the standard p d hybridization mechanism for ferro 
electricity is unfavorable for systems with partially ﬁlled d shells has been revisited [33,34]. For
perovskite systems, with dominantly cubic crystal ﬁeld splitting between the t2g and eg mani 
folds, it is not fully clear why for example a d3 conﬁguration with partially ﬁlled t2g states, but
empty eg orbitals, cannot give rise to a favorable cross gap hybridization between ﬁlled oxygen
p and empty transition metal eg states. It was suggested that the Hund’s coupling between t2g
and eg states will disfavor such hybridization [11]. This was supported by LDA+U calculations
for CaMnO3, where the Hund’s coupling was eﬀectively “turned oﬀ”, which indeed resulted in a
tendency for oﬀ centering of the Mn4+ cation. In addition, recent ﬁrst principles calculations for
CaMnO3, SrMnO3, and BaMnO3 in the perovskite structure show that these systems can de 
velop a ferroelectric instability, but that this ferroelectric instability competes with a non polar
“antiferrodistortive” instability, and that the relative strength of these two instabilities depends
strongly on the unit cell volume [33,34]. For larger volumes (i.e. BaMnO3) the ferroelectric
instability becomes dominant. Thus, even though BaMnO3 is not stable in the cubic (or in
the orthorhombically distorted) perovskite structure (it crystallizes in a hexagonal structure),
this opens up the possibility to stabilize the corresponding ferroelectric phase by using epitaxial
constraints, i.e. using thin ﬁlm growth techniques.
Apart from these investigations into possible mechanisms for ferroelectricity that are compatible
with the simultaneous presence of magnetic order, ﬁrst principles calculations have also been used
to rationalize experimental observations, investigate possible mechanisms for coupling between
the electric polarization and the magnetic order, and to design new multiferroic and magneto 
electric materials. In the following we will highlight some of these calculations, in particular the
work related to one of the most prominent multiferroic materials: bismuth ferrite.
2.1 First principles calculations for BiFeO3 and related work
BiFeO3 (BFO) is one of the most studied (probably the most studied) multiferroic material.
BFO is known to be multiferroic (or more precisely: AFM and ferroelectric) already since the
early 1960s [35]. However, for a long time it was not considered as a very promising material for
applications, since the electric polarization was believed to be rather small [36] and the AFM
order does not lead to a net magnetization [37,38].
This has changed drastically, following a publication in Science in 2003 (Ref. [39]), which to great
extent has triggered the intensive experimental and theoretical/computational research on BFO
during the last 5–6 years. In this study, a large spontaneous electric polarization in combination
with a substantial magnetization was observed above room temperature in thin ﬁlms of BFO
grown epitaxially on SrTiO3 substrates. The presence of both magnetism and ferroelectricity
above room temperature, together with potential coupling between the two order parameters,
makes BFO the prime candidate for device applications based on multiferroic materials.
Whereas the large electric polarization was later conﬁrmed independently, and explained by ﬁrst
40principles calculations, the origin of the strong magnetization reported in [39] is still unclear
and, to the best of our knowledge, it has never been reproduced in an independent study. It
is generally assumed that the magnetization reported in Ref. [39] is related to extrinsic eﬀects
such as defects or small amounts of impurity phases.
The large electric polarization, which appeared to be at odds with bulk single crystal measure 
ments from 1970 [36], was originally assumed to be due to epitaxial strain, which results from
the lattice constant mismatch between BFO and the substrate material SrTiO3. It is known
that epitaxial strain can have drastic eﬀects on the properties of thin ﬁlm ferroelectrics. For
example, it can lead to a substantial enhancement of electric polarization and can even induce
ferroelectricity at room temperature in otherwise non ferroelectric SrTiO3 [40,41].
In the following we illustrate how ﬁrst principles calculations have been instrumental in clarifying
the origin of both polarization and magnetization in thin ﬁlm BFO, by showing that the large
electric polarization found in the thin ﬁlms is in fact intrinsic to unstrained bulk BFO and that,
in contrast to many other ferroelectrics, epitaxial strain has only a minor eﬀect in this material.
2.1.1 Electric polarization of bulk BFO and the eﬀect of epitaxial strain
According to the so called “Modern theory of polarization”, the electric polarization of a bulk
periodic system is deﬁned via the Berry phase of the corresponding wavefunctions [20,21]. Since
this geometrical phase is only well deﬁned modulo 2π, the polarization is only well deﬁned
modulo so called “polarization quanta”, given by    P
(i)
0 =
fe
Ω  ai, where e is the electronic charge,
  ai a primitive lattice vector (i = 1,2,3),   the unit cell volume, and f is a spin degeneracy factor
(f = 2 for a non spinpolarized system, f = 1 for a spin polarized system). If the expression
for the polarization is recast as a sum over “Wannier centers” [20], a translation of one of the
occupied Wannier states from one unit cell to the next corresponds to a change in polarization by
exactly one “quantum”. The multivaluedness thus reﬂects the arbitrary choice of basis vectors
when describing an inﬁnite periodic structure.
In spite of this multivaluedness of the bare polarization for a speciﬁc atomic conﬁguration,
diﬀerences in polarization are well deﬁned quantities, provided the corresponding conﬁgurations
can be transformed into each other in a continuous way and the system remains insulating along
the entire “transformation path” [21].
In particular, the spontaneous polarization of a ferroelectric material is deﬁned as half the diﬀer 
ence in polarization between two oppositely polarized states, or equivalently, as the diﬀerence in
polarization between the ferroelectric structure and a suitable centrosymmetric reference conﬁg 
uration. In order to calculate the spontaneous polarization one therefore has to perform a series
of calculations for diﬀerent conﬁguration between the ferroelectric state and the centrosymmet 
ric reference structure. If the change in polarization between two such conﬁgurations is much
smaller than the polarization quantum, then the corresponding diﬀerence can be clearly iden 
tiﬁed and the full change in polarization along the transformation path, i.e. the spontaneous
polarization, can be determined.
The application of this procedure to calculate the spontaneous polarization of BFO is compli 
cated by the following two features: i) the polarization quantum for a spin polarized system is
41Figure 2: Evolution of the polarization P along the transformation path from a negatively
polarized state (−100 % distortion), through a centrosymmetric reference conﬁguration (0 %
distortion), to a positively polarized state (+100 % distortion). Red circles correspond to the
LSDA+U calculation with Ueﬀ = 2 eV, green diamonds indicate the LSDA result for the fully
polarized states. Diﬀerent values of P for ﬁxed amount of distortion are separated by the
polarization quantum  P
(111)
0 = 186  C/cm2. The spontaneous polarization Ps is given by the
diﬀerence in polarization between the fully distorted and the undistorted conﬁguration for an
arbitrary branch of the bare polarization. Note: the systematic sketches at the bottom do not
correspond to the actual crystal structure of BFO.
only half that for a similar nonmagnetic system, and ii) due to the underestimation of the local
spin splitting for Mott Hubbard insulators within the standard local spin density approximation
(LSDA), BFO becomes metallic for the less distorted reference conﬁgurations within LSDA.
These problems have been overcome in Ref. [29] by using the LSDA+U method [16, 17] to
calculate the electronic structure of BFO in various conﬁgurations along the transformation
path from the fully distorted R3c structure to the centrosymmetric cubic perovskite (Pm  3m)
structure. Within the LSDA+U method the local d d exchange splitting is enhanced by the
Hubbard U and BFO stays insulating even in the undistorted cubic perovskite structure (for U
values Ueﬀ = U − J = 2–4 eV [29]).
Figure 2 shows the evolution of the electric polarization with varying degree of distortion between
two oppositely polarized states calculated for Ueﬀ = 2 eV. The LSDA results are included for
±100 % distortion. The fact that the corresponding symbols (green diamonds) can barely be
recognized behind the red circles that indicate the LSDA+U results shows that the value of the
bare polarization is rather insensitive to the exact value of Ueﬀ. It can be seen that diﬀerent
values of P corresponding to the same amount of distortion are separated by the polarization
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Figure 3: Dependence of the spontaneous polarization Ps on epitaxial strain ǫ for BFO in two
diﬀerent structural modiﬁcations and some other (non magnetic) ferroelectrics. Symbols corre 
spond to results from ﬁrst principles calculations for strained unit cells (data for BaTiO3/PbTiO3
is taken from [43]/ [44]), lines are obtained from the calculated bulk linear response functions
(see [45]). Note that the epitaxial constraint for all systems is applied in the plane perpendicular
to the polarization, i.e. (001) for BaTiO3, PbTiO3, and P4mm BiFeO3, and (111) for LiNbO3
and R3c BiFeO3.
quantum along (111),  P
(111)
0 = e
Ω(  a1+  a2+  a3), where   a1,2,3 are the primitive lattice vectors of
the rhombohedral R3c structure. As indicated, the spontaneous polarization Ps can be obtained
as the diﬀerence between the fully distorted and the undistorted conﬁguration for an arbitrary
“branch” of the bare polarization.
From these calculation a spontaneous polarization of bulk BFO of ∼ 95  C/cm2 has been
obtained. This is an order of magnitude larger than what was previously believed to be the
case, based on the measurements in Ref. [36], and even exceeds the polarization of typical
prototype ferroelectrics such as BaTiO3, PbTiO3, or PbZr0.5Ti0.5O3 (PZT). Variation of Ueﬀ
within reasonable limits changes the calculated value for the electric polarization by only ∼
±5  C/cm2, i.e. the large value of the polarization is rather independent from the precise value
of the Hubbard parameter. This is consistent with the assumption that the transition metal d
states do not play an active role for the ferroelectric instability in BFO. The calculated large
spontaneous polarization for bulk BFO is also consistent with the large ionic displacements in
the experimentally observed R3c structure of BFO (see Fig. 1c), compared to an appropriate
centrosymmetric reference conﬁguration. Recently, the large polarization of ∼ 100  C/cm2
along (111) for bulk BFO has also been conﬁrmed experimentally by new measurements on
high quality single crystals [42].
43Eﬀects of epitaxial strain can be assessed from ﬁrst principles by performing bulk calculations
for a strained unit cell, where the lattice constant within a certain lattice plane (correspond 
ing to the orientation of the substrate surface) is constrained, whereas the lattice constant in
the perpendicular direction as well as all internal structural parameters are allowed to relax.
Such calculations have been performed for BFO corresponding to a (111) orientation of the
substrate [46]. In this case the R3c symmetry of the bulk structure is conserved and the epitax 
ial constraint is applied in the lattice plane perpendicular to the polarization direction. It was
found that the sensitivity of the electric polarization to strain is surprisingly weak in BFO, much
weaker than in other well known ferroelectrics [46] (see Fig. 3). A systematic comparison of the
strain dependence in various ferroelectrics, including BFO in both the R3c and a hypothetical
tetragonal phase with P4mm symmetry, has been performed in Ref. [45] (see Fig. 3). It was
shown that the eﬀect of epitaxial strain for all investigated systems can be understood in terms
of the usual bulk linear response functions and that both strong and weak strain dependence
can occur.
Systematic calculations corresponding to a (001) orientation of the substrate, the one that is
most often used experimentally, have not been performed so far. Since the epitaxial constraint
in this case breaks the rhombohedral symmetry of the bulk structure, the corresponding strained
unit cell has a lower symmetry with more free parameters than in the (111) strained case. Nev 
ertheless, the eﬀect of such a monoclinic strain on the ferroelectric polarization in BFO has been
investigated by performing calculations for a set of lattice parameters derived from represen 
tative experimental data. Due to the lower symmetry, the polarization in this case is slightly
rotated away from the (111) direction, but the overall magnitude remains nearly unchanged
compared to the unstrained case. From this it was concluded that the polarization in BFO
is generally rather insensitive to epitaxial strain, and that the large polarization measured in
thin ﬁlms is basically the same as in the corresponding bulk system. Indeed, the polarization
of ∼ 60  C/cm2 reported in Ref. [39] for a (001) oriented thin ﬁlm agrees well with the corre 
sponding projection of the calculated bulk value (which is oriented along the (111) direction),
and polarization measurements for BFO ﬁlms with diﬀerent substrate orientations ((001), (101),
and (111)) can all be understood by assuming that the polarization vector in all cases points
essentially along (111) and has approximately the same length [47]. More recently, systematic
experimental investigations of the strain eﬀect in epitaxial BFO ﬁlms have been undertaken by
comparing results of BFO ﬁlms with diﬀerent thicknesses, which have conﬁrmed the predicted
weak strain dependence of the polarization in BFO [48]
Finally, it should be noted that Ref. [39] also contains results of ﬁrst principles calculations for the
electric polarization of two structural variants of BFO: the rhombohedral bulk structure with R3c
space group, and a hypothetical tetragonal structure with P4mm symmetry, based on the lattice
parameters found in the thin ﬁlm samples. At that time it was assumed that such a tetragonal
phase is stabilized in epitaxial thin ﬁlms and that the diﬀerence in polarization observed in
thin ﬁlms compared to bulk BFO was due to a large diﬀerence in polarization between the two
diﬀerent structural modiﬁcations. However, the DFT results presented in Ref. [39] were not
conclusive, since only the bare polarization for the two diﬀerent structures was reported and not
the spontaneous polarization that is measured in the corresponding “current voltage” switching
experiments.
44In fact, it is indeed possible that a diﬀerent phase is stabilized in thin ﬁlms, which can then
lead to more signiﬁcant changes of ferroelectric and magnetic properties compared to bulk BFO.
However, it is important to distinguish between the simple case of a somewhat distorted version
of the rhombohedral bulk structure and a truly diﬀerent phase, which would for example be
characterized by a diﬀerent oxygen octahedra tilt pattern or a diﬀerent number of formula units
contained in the crystallographic unit cell.
Calculations presented in Ref. [45] (see also [49]) show that if BFO is constrained to tetragonal
P4mm symmetry (with no octahedral tilts and only one formula unit per unit cell) it develops a
”super tetragonality” with c/a ratio of 1.27 and a giant electric polarization of Ps ≈ 150  C/cm2.
A polarization of this magnitude has indeed been found in some highly strained ﬁlms with c/a
ratios between 1.2–1.3 [49,50], whereas many other experimental reports of “tetragonal” BFO
ﬁlms with smaller c/a ratio also exist. These reports should be regarded with some caution, since
the structural characterization of thin ﬁlms is usually restricted to the measurement of lattice
constants and of angles between certain crystallographic directions. A full characterization
of ionic distortions (including octahedral tilt patterns etc.) is generally not possible for thin
ﬁlms, and ﬁrst principles calculations can therefore play an important role in clarifying open
questions about the exact thin ﬁlm structure of BFO. In principle, if one tries to epitaxially
match the rhombohedral bulk structure of BFO on a square lattice substrate plane, one can
expect to obtain a monoclinically distorted version of the BFO bulk structure. However, since
the rhombohedral angle in bulk BFO is very close to 60◦, the value that corresponds to an
underlying cubic lattice, the monoclinic distortion can be rather small, and the thin ﬁlms might
appear essentially tetragonal.
2.1.2 Weak ferromagnetism in thin ﬁlm BFO and coupling between the various
order parameters
In addition to these structural studies, DFT calculations have also been used to investigate the
magnetic properties of BFO, in particular the possible origin for the signiﬁcant magnetization
reported in Ref. [39]. Bulk BFO is known to exhibit “G type” AFM ordering [37], i.e. the mag 
netic moment of each Fe cation is antiparallel to that of its nearest neighbors. Superimposed to
this G type magnetic order a long period cycloidal modulation is observed, where the AFM or 
der parameter   L =   M1−   M2, deﬁned as the diﬀerence between the two sublattice magnetizations
  M1,2, rotates within the (110) plane with a wavelength of ∼ 620 ˚ A [38].
Calculations for bulk BFO show a very strong and dominant AFM nearest neighbor interaction
[51], in agreement with the observed G type magnetic order and the rather high N´ eel temperature
of ∼ 600 K. In addition, the magnetocrystalline anisotropy has been calculated, and a preferred
orientation of the Fe magnetic moments perpendicular to the polar [111] direction has been
found [52]. Within the (111) plane a 12 fold degeneracy remains, leading to an eﬀective “easy 
plane” geometry for the magnetic moments. For an orientation of the AFM order parameter   L
within this (111) plane, weak ferromagnetism is symmetry allowed, i.e. a small canting of the two
AFM sublattice magnetizations can occur, which results in a net magnetization [53]. Indeed, if
spin orbit coupling is included in the calculation (while the cycloidal modulation is neglected),
a small canting of the magnetic moments is obtained [52]. The magnitude of the resulting
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Figure 4: Dependence of the weak magnetization in BFO on the LSDA+U parameters Ueﬀ =
U −J and J. The dash dotted line represents the reported value of 0.05  B/Fe. The sketches on
the left side illustrate how the canting of the two AFM sublattice magnetizations, represented
by the magnetic moments MFe1 and MFe2 of the two Fe cations in the primitive unit cell, gives
rise to the net magnetization M.
magnetization depends on the choice of the Hubbard U and the Hund’s rule parameter J, but
for reasonable values of Ueﬀ = U −J the magnetization is around 0.05  B/Fe cation (see Fig. 4).
This value of the magnetization agrees quite well with various thin ﬁlm measurements [54–56],
but is signiﬁcantly smaller than what was originally reported in Ref. [39]. It has to be pointed out
that no magnetization is observed in bulk BFO, where the presence of the cycloidal modulation
eﬀectively cancels any net magnetic moment. If the cycloidal modulation is suppressed, either
by applying a strong magnetic ﬁeld [57] or by chemical substitution [58] a small magnetization
appears, with comparable magnitude to the computational result. It is generally assumed that
the cycloidal rotation of the AFM order parameter is also suppressed in thin ﬁlms, likely due to
enhanced anisotropy, and that the small magnetization observed in the thin ﬁlms is due to weak
ferromagnetism. This is supported by a neutron diﬀraction study on BFO ﬁlms, which could
not ﬁnd the satellite peaks associated with the cycloidal modulation [56].
Furthermore, ﬁrst principles studies addressing the eﬀect of epitaxial strain and the presence
of oxygen vacancies did not ﬁnd a signiﬁcant increase in magnetization [46], and it is therefore
likely that the large magnetization reported in [39] is due to other defects or small amounts of
impurity phases.
The appearance of weak ferromagnetism in thin ﬁlms of BFO leads to the question of whether
this small magnetization is coupled to the electric polarization, i.e. whether it can be manipu 
lated by applying external electric ﬁelds. Indeed, the absence of an inversion center located at
the midpoint between two interacting magnetic moments is crucial to produce a non vanishing
Dzyaloshinskii-Moriya (DM) interaction, which has been identiﬁed as the microscopic mecha 
nism responsible for the magnetic moment canting in weak ferromagnets [59]. Thus, inversion
symmetry breaking can cause both weak ferromagnetism and ferroelectricity, suggesting possible
cross correlations between these two properties. First principles calculations have been used to
46explore this possibility for magnetization polarization coupling in BFO [52] and in BaNiF4 [60].
It was found that in BFO the DM interaction is caused by a non polar antiferrodistortive mode,
not by the polar distortion, and therefore the weak ferromagnetism in BFO is not controlled by
the spontaneous polarization and cannot be switched using an electric ﬁeld [52]. In contrast, in
BaNiF4, it is indeed the polar distortion that creates a DM interaction, but the symmetry is
such that no net magnetization results. Instead, a secondary (weak) AFM order parameter is
induced in addition to the distinctly diﬀerent primary AFM order [60]. Only recently, a material
has been suggested, based on a combination of ﬁrst principles calculations and symmetry consid 
erations, that fulﬁlls all requirements for “ferroelectrically induced weak ferromagnetism” [61].
The corresponding material, R3c structured FeTiO3, is closely related to BFO in that it has the
same overall structural symmetry, but with the magnetic Fe cations located on the perovskite
A site instead of the perovskite B site as in BFO. It is this diﬀerence in the local site symmetry
of the magnetic cation, that is crucial for the coupling between the spontaneous polarization
and the weak magnetization [61,62]. Experimental work is currently underway to validate this
theoretical prediction.
2.1.3 Designing new multiferroics and new functionalities
The prediction of FeTiO3 as a possible candidate for electric ﬁeld switchable weak ferromag 
netism, is one example for attempts to design new materials with novel or more favorable
magneto electric properties based on ﬁrst principles electronic structure calculations.
Another example is the design of a material that allows for magneto electric phase control [63].
Calculations for the rare earth magnet EuTiO3 showed that this material exhibits a soft infrared 
active, i.e. polar, phonon mode that becomes unstable if the material is epitaxially strained. In
addition, due to strong spin phonon coupling in this material, the instability is more pronounced
for ferromagnetic ordering of the Eu spins than for the case of an AFM arrangement. Since the
ground state magnetic structure for the lower strain region is AFM, it was suggested that a
phase transition from a non polar AFM phase into a ferroelectric ferromagnetic phase can be
induced by applying a strong magnetic ﬁeld, if the material can be prepared in thin ﬁlms with
a compressive epitaxial strain of around 1 % [63].
In addition, attempts have been made to design materials that combine strong ferroelectric
polarization with a large magnetization above room temperature. If such a material would
also exhibit pronounced coupling eﬀects between polarization and magnetization, which ideally
would allow to switch the polarization via a magnetic ﬁeld or vice versa, then this would probably
create a similar excitement as ﬁnding a room temperature superconductor. Unfortunately, at
the moment no multiferroic that exhibits all these properties is known (similarly, no room
temperature superconductor is known at present).
A suggestion for a material combining large polarization and large magnetization has been
made in Ref. [64]. First principles calculations predict, that if half of the Fe3+ cations in BFO
are replaced by Cr3+ cations in a checkerboard like ordered arrangement, then the resulting
material Bi2FeCrO6 is stable in a rhombohedral structure similar to BFO with a spontaneous
ferroelectric polarization of around 80  C/cm2 and a magnetization of 2  B per formula unit.
The magnetization in this case results from a ferri magnetic arrangement, where the magnetic
47moments of the Cr cations are antiparallel to those of the Fe cations. A subsequent study of the
strength of the magnetic coupling in the series of compounds BiFeO3 Bi2FeCrO6 BiCrO3 has
found that the N´ eel temperature in Bi2FeCrO6 is unlikely to be above room temperature [51], but
nevertheless several attempts have been made to synthesize the corresponding material [65–67].
The synthetic challenge here, is to achieve the required checkerboard type ordering of Fe and
Cr cations on the B sites of the underlying perovskite structure, which might be possible by
utilizing layer by layer growth on a (111) oriented substrate.
2.2 Perspectives for future studies of proper multiferroics
The examples discussed so far show that ﬁrst principles calculations have proven not only to
be useful for rationalizing experimental observations and identifying diﬀerent mechanisms for
ferroelectricity that can be found in multiferroic materials, but also to facilitate quantitative pre 
dictions of new materials and novel eﬀects in proper magnetic ferroelectrics. Future applications
of ab initio methods in the design of new materials and in calculating the expected properties
of these materials are therefore expected to continue to have a signiﬁcant impact on the overall
progress of this ﬁeld.
In particular, a material with large magnetization and large polarization above room temperature
is still elusive. From the current point of view there is no fundamental reason why such a material
should not exist, and creative ideas on how to circumvent the limitations and restrictions of
materials chemistry that have been encountered so far are still highly desirable.
Another area where DFT will undoubtedly have (and already has) a substantial impact, is the
study of artiﬁcial heterostructures consisting of a combination of magnetic and ferroelectric
materials [13]. Examples of computational work in that direction that have already appeared
include the study of artiﬁcial tri layered superlattices of diﬀerent magnetic and nonmagnetic
oxides [68] and the investigation of polarization eﬀects at the interface between a ferromagnetic
metal and a ferroelectric insulator [69].
3 Improper Multiferroics
In the beginning of this section, we will focus on the origin of ferroelectricity in the so called
“Improper multiferroics” (IMF), outlining a few diﬀerences with respect to the more conventional
“proper” multiferroics discussed so far.
As pointed out in the previous sections, in displacive ferroelectric materials (such as prototypi 
cal perovskite like BaTiO3 or multiferroic BiFeO3), due to strong covalency eﬀects, the relative
displacement of the anionic sublattice with respect to the cationic sublattice gives rise to a spon 
taneous and switchable polarization, which is the (primary) order parameter in the ferroelectric
transition. On the other hand, in IMF, the primary order parameter of the phase transition
is related to electronic (i.e. spin, charge, or orbital) degrees of freedom [12]. The important
thing is that the resulting electronic order lacks inversion symmetry (IS), therefore opening the
way to ferroelectricity. Therefore, polarization occurs as a by product of the electronic phase
transition and can be described as a “secondary” order parameter. As a consequence, i) even
48the state with ions pinned in centrosymmetric positions can show a ﬁnite (purely electronic)
polarization; ii) the ions can “react” to the non centrosymmetric charge redistribution by dis 
placing, so as to give a (more traditional) ionic contribution to the total polarization. In order
to push ahead with the comparison between proper and improper multiferroics, one can say that
ferroelectricity in IMF is driven by “correlation” eﬀects (as related to spin or charge arrange 
ments), at variance with the previously mentioned case of standard ferroelectrics where it is
mostly driven by covalency. In IMF where polarization is magnetically induced, it is reasonable
to expect a strong coupling between magnetic and ferroelectric properties, since the two dipolar
and magnetic orderings share the same origin and occur at the same temperature.
In Fig. 5 we schematically classify IMF on the basis of the diﬀerent mechanisms to induce
ferroelectricity that have been proposed so far. We would like to point out that what we present
in the following is a non exhaustive list of the IMF materials and related mechanisms. In fact,
IMF represent a quickly evolving ﬁeld: new materials and/or novel mechanisms are proposed
on a monthly or even weekly basis. With no doubt, we therefore expect in the near future this
classiﬁcation to become richer in compounds and to expand as far as mechanisms are concerned.
In Fig. 5 IMF are divided in two main classes: those where ferroelectricity is driven by spin order
(i.e. where the “magnetic” arrangement breaks IS) and those where it is driven by charge order
(i.e. where the charge disproportionation leads to a non centrosymmetric arrangement). In
turn, the magnetically induced ferroelectricity can occur in two diﬀerent ways: i) the ﬁrst and
most studied case where a non collinear spin spiral occurs and the IS breaking arises due to a
spin orbit related mechanism in the DM like antisymmetric exchange term [70–72]; ii) the case
of (mostly collinear) AFM spins where the IS breaking occurs in the Heisenberg like symmetric
exchange term [73,74].
Along with the classiﬁcation of IMF, we show in Fig. 5 a few links to IMF materials for which
ab-initio studies have been reported in the literature.
Chronologically, the recent interests towards IMF were boosted by the discovery of ferroelectric 
ity in TbMnO3 and of the control of the polarization direction achieved via an applied magnetic
ﬁeld [87]. However, the ab-initio simulations for TbMnO3 came much later [75,76], due to the
complexity in the related simulations: advanced capabilities (such as non collinear magnetism
and spin orbit coupling) are needed to reproduce the observed tiny eﬀects, which implicitly re 
quires a high precision in terms of numerical parameters in the calculations. In the ab-initio
ﬁeld, the ﬁrst IMF to be studied were collinear antiferromagnets, such as TbMn2O5 [81] and
HoMnO3 [74]. Since the latter will be described in detail in Sec. 3.1.1, we will now brieﬂy
discuss the ﬁrst one. The class of manganites often labeled as “1 2 5” from the stoichiometry
of rare earth, transition metal, and oxygen, respectively, is an actively studied set of IMF. De 
spite some non collinearity and non commensurability eﬀects, most of the mechanisms behind
multiferroicity can be described through simulations with non centrosymmetric collinear spin
arrangement using a relatively small supercell. The suggested polarization was of the order of
1  C/cm2 and the polarization was reversed by changing the spin orientation in the unit cell,
providing evidence for the magnetic origin of ferroelectricity in TbMn2O5. Within the same
class of materials, HoMn2O5 was studied in Ref. [82]: the main and new result of that work was
that the ionic and electronic contributions were strongly dependent on the value of the Hubbard
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Figure 5: Schematic classiﬁcation of IMF, in terms of diﬀerent mechanisms (left side) and
compounds (right side). The (non comprehensive) list includes a few materials which were
studied by ﬁrst principles (see related references: a) Ref. [75,76], b) Ref. [77], c) Ref. [74,78], d)
Ref. [79,80], e) Ref. [81,82], f) Ref. [83], g) Ref. [84], h) Ref. [85], i) Ref. [86]).
U parameter used in a LSDA+U approach, pointing to the important role of correlation eﬀects
in 1 2 5 manganites.
Within the spin spiral class of IMF, Li Copper based oxides were the ﬁrst compounds to be
studied from ﬁrst principles [77]: upon switching on spin orbit coupling, the calculated polar 
ization was rather small (of the order of tens or hundreds of  C/cm2, depending on whether
ionic relaxations were included or not in the simulations). Shortly later, the prototypical case
of TbMnO3 was published in two important papers (one following the other in Phys. Rev.
Lett.), Refs. [75,76]. It was shown that the purely electronic contribution (i.e. evaluated by
switching on spin orbit but keeping the ions frozen into their paramagnetic centrosymmetric
conﬁguration) was much smaller than the ionic contribution (i.e. evaluated by relaxing the
ions). In the TbMnO3 case, the order of magnitude of the ab-initio polarization was found to
be in excellent agreement with experiments [87]. Remarkably, at the time of publication, the
sign of polarization obtained within DFT was opposite with respect to experiments; indeed, it
later turned out [88] that the discrepancy was due to a misunderstanding in the conventions of
the experimental settings and an excellent agreement between theory and experiments could be
ﬁnally obtained.
Within the ﬁeld of charge order induced ferroelectricity, a prototype has emerged: the triangular
mixed valence iron oxide, LuFe2O4 [89]. There, the frustrated charge ordering is such as to lack
centrosymmetry: in each FeO bilayer, there is an alternation of iron atoms, with Fe2+:Fe3+
ratios of 2:1 and 1:2, therefore giving rise to a polarization within each bilayer. The polarization
estimated from ﬁrst principles is very large (of the order of 10  C/cm2 in the bilayer). However,
50some controversy exists for that material, since it is questioned whether the stacking of the
bilayers is such as to produce net ferroelectricity [83] or a global antiferroelectricity with no net
polarization [90]. More work (both from theory and from experiments) will be needed in that
respect.
Recently, another collinear compound has been studied, Ca3CoMnO6 [79,80]. The main ab-initio
ﬁndings were: i) a large Co orbital moment, which renders the system similar to an Ising like
chain, with alternating trigonal prismatic Co2+ and octahedral Mn4+ sites in the spin chain; ii)
a large calculated polarization (about 1.7  C/cm2), caused by a signiﬁcant exchange striction
combined with a peculiar ↑↑↓↓ spin conﬁguration.
Given this general background, in the following sections we will present some examples of ab-
initio calculations for IMF. In closer detail, we will discuss rare earth manganites (cfr. Sec. 3.1.1)
[74,78] and hole doped manganites (cfr. Sec. 3.1.2) [85] as examples of AFM materials where
the spin arrangements break inversion symmetry, with polarization being due to Heisenberg like
mechanisms. We will conclude the section by discussing some perspectives and open issues in
the ﬁeld.
In what follows, we will mainly show the results of DFT simulations performed using the Vienna
Ab initio Simulation Package (VASP) [91] and the generalized gradient approximation [92] to the
exchange correlation potential. For the construction of the Wannier functions, we used the Full 
potential Linearized Augmented Plane Wave (FLAPW) [93] code in the FLEUR implementation
[94]. For a better treatment of correlation eﬀects, the so called LSDA+U approach [17] (with
U = 4 eV and J = 0.9 eV) was used in the case of hole doped manganites. For further technical
details, as far as computational or structural parameters are concerned, we refer to our original
publications [74,78,85].
3.1 Highlights on Improper Multiferroics
3.1.1 E-type rare-earth ortho-manganites
Let us start the discussion of ferroelectricity in orthorhombic manganites, RMnO3, by plotting
the AFM spin arrangement characteristic of the E type HoMnO3 . In Fig. 6a we sketch the
ions in the MnO2 plane and highlight the zig zag spin chains, typical features of the E type
antiferromagnetism: zig zag ferromagnetic (FM) spin up chains (green atoms in Fig. 6a) are
antiferromagnetically coupled to neighboring spin down chains (pink atoms in Fig. 6a). The out 
of plane coupling is also AFM. We note that the antiferromagnetically coupled zig zag chains
lead to a doubling of the conventional GdFeO3 like unit cell (20 atoms, Pnma space group) along
the a axis. Indeed, the E type was experimentally observed to be the magnetic ground state in
distorted manganites with small ionic radius for the rare earth ion (i.e. R = Ho, ..., Lu) [96,97].
It was shown [12,78] that the stabilization of an ↑↑↓↓ spin chain (as the one present in the E type
along the diagonal directions in the a c plane, cfr. Fig. 6a), is driven by i) a relatively small
nearest neighbor exchange coupling constant; ii) a large AFM next nearest neighbor; iii) a quite
large magnetic anisotropy so that the spins can be considered as Ising like.
Why should the E type magnetic conﬁguration lead to a ferroelectric polarization? This can be
rationalized in diﬀerent (though somewhat inter connected) ways, depending on the orbitals or
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Figure 6: a) Ionic arrangement of AFM E HoMnO3 in the MnO2 plane. Green (pink) rhombi
denote in plane projections of MnO6 octahedra around the up spin (down spin) Mn ion. Spin
directions indicated by black arrows. b) Schematic orbital ordering for Mn eg states. Circular
arrows show hopping paths, as induced by the AFM E spin conﬁguration; green and pink arrows
denote asymmetric hoppings for up spin and down spin electrons, respectively. c) Schematic
local dipoles (denoted by blue arrows) drawn from Oap (bonded to Mn with antiparallel spins)
to Op (bonded to Mn with parallel spins). In b) and c), the direction of polarization is also
shown.
52atoms one focuses on.
Let’s start with Mn eg states. Being Mn in a d4 electronic conﬁguration, the strong Jahn Teller
eﬀect leads to two large and two small in plane Mn O bond lengths, along with a staggered
(3x2 − r2)/(3y2 − r2) orbital ordering, typical for the class of rare earth manganites. Within a
double exchange like picture, this peculiar orbital ordering (OO) leads to a favored hopping of
the electron on the two (out of four nearest neighbors) Mn sites towards which the orbital is
pointing. What is peculiar of the E type (and diﬀerent from the conventional A type in early 
rare earth manganites) is that, out of these two Mn sites, hopping will preferentially occur on
the Mn with the spin parallel to the starting site, and not on the other which shows an opposite
spin. This “asymmetric” hopping creates a “one way path” for the electron, schematically shown
by the circular arrows in Fig. 6b. At this point, it is clear that the short c axis is a “preferential”
direction for the electron, with a well deﬁned sign for the electron hopping. This mechanism
therefore breaks inversion symmetry and opens the way to a ferroelectric polarization Pc.
Another way to explain the direction of polarization is to look at oxygen sites. Again due to
the peculiar E type spin conﬁguration, there will be two kinds of O sites: those bonded to Mn
with parallel spins (labeled as Op) and those bonded to Mn with antiparallel spins (labeled as
Oap). Due to this inequivalency, their electronic structure will be diﬀerent (even if the ions are
frozen into a centrosymmetric “paramagnetic” conﬁguration). This leads to a sort of oxygen
“charge density wave” which can be thought of in terms of a set of ordered dipoles resulting in
a net ferroelectric component, again only along the short c axis (cfr. Fig. 6c).
We would now like to make one comment related to ferroelectric switching in IMF. As is well
known, in conventional displacive perovskite like ferroelectrics, the switched state (i.e. the
one with −  P) is achieved by displacing the ions (with respect to a reference centrosymmetric
structure) in the opposite way compared to the +  P state. However, when asking how to switch
  P in the case of magnetically driven ferroelectrics, one might guess that some changes in the
spin arrangement (rather than in the ionic arrangement) should be involved. Indeed, from both
Fig. 6b and c, it is clear that   P is switched by changing the direction of half of the spins in the
unit cell. For example, if we revert the sign of the two spins in the central part of the unit cell
(labelled as Mnc
1 and Mnc
2 in Fig. 6a), then the circular arrows in Fig. 6b will run in the opposite
−c direction; similarly, the O related dipoles of Fig. 6c will also change their sign.
So far, we have taken into account purely “electronic” mechanisms, occurring when considering
the ions frozen into their centrosymmetric conﬁguration. However, it is reasonable to expect
some ionic relaxations consistent with the imposed E type spin arrangement. For example,
according to a Heisenberg like magnetostrictive eﬀect, one expects that Op will try to move so
as to gain a “double exchange” like energy by maximizing the Mn O Mn angle (recall that the
energy lowering due to double exchange is optimal in the ideal 180 degree case), compared to Oap
where double exchange is not relevant. These ionic relaxations break the atomic centrosymmetry
and lead to an “ionic” contribution to the total ferroelectric polarization, to be added to the
purely electronic one.
On the basis of this introductory background, the interpretation of DFT results for HoMnO3 is
quite straightforward. It is however very important to remind that, at variance with model 
Hamiltonian studies allowing the qualitative prediction of a selected phenomenon, ﬁrst principles
53calculations can provide a quantitative estimate as well. Moreover, multiferroics are very com 
plex materials where several competing mechanisms can occur. As such, identifying the strong
and prevailing eﬀects can be diﬃcult within a Hamiltonian modelling approach; on the other
hand, all the diﬀerent mechanisms are taken into account on the same footing within DFT.
We report in Table 1 the relevant properties calculated within DFT, such as: i) the Mn O Mn
angles between parallel (αp) and antiparallel (αap) Mn spins, obtained after ionic relaxations
in the presence of the E type spin arrangement; ii) the values of the polarization calculated
in several diﬀerent ways: a purely electronic contribution (PBP
ele ), estimated via the Berry 
phase approach, when the ions are clamped in a centrosymmetric Pnma conﬁguration; the
polarization calculated from the so called ”Point Charge Model” (PPCM
ion ), with the ions relaxed
in the ferroelectric conﬁguration, using “nominal” ionic values for the charges (i.e. 3+ on
Mn and Ho and 2− on the O); the total (ionic + electronic) polarization in the relaxed ionic
arrangement, calculated according to the Berry phase approach (PBP
tot ); iii) the Born eﬀective
charges, i.e. the (3,3) components of the Z∗ tensor for some relevant atoms: Z∗(Mn), Z∗(Op)
and Z∗(Oap). We recall that the Z∗
3,3 elements are estimated by displacing the selected ion along
the c direction by a small amount (typically about 0.01 ˚ A or less) and evaluating the change in
the Berry phase polarization along the same c axis.
When focusing on the Mn O Mn angles, we indeed note that the angle between Mn with parallel
spins is much larger than that where spins are antiparallel, reﬂecting the eﬃciency of relaxations
driven by double exchange mechanisms. As for polarization, several remarks are in order: i)
one might naively expect a magnetically induced mechanism to be “weak”. However, this is
contradicted by the purely electronic polarization, which is noticeably large. Moreover, this
is one order of magnitude bigger than what was estimated in the case of spin spirals (≤∼ 0.1
 C/cm2): this reﬂects the eﬃciency of the Heisenberg vs. DM term in breaking inversion
symmetry. ii) A similar consideration holds for the total polarization. Exchange strictive eﬀects
due to the symmetric Heisenberg term result in ionic displacements which cooperate with the
purely electronic polarization, summing up to the appreciable value of 6  C/cm2.
So far, we have discussed the prototypical case of HoMnO3 ; however, as previously mentioned,
the E type is the magnetic ground state for many distorted manganites [97] and it is therefore
interesting to investigate how the relevant properties (with a focus on polarization) change as
Mn O Mn (◦) P ( C/cm2) Z∗
3,3 (e−)
αp αap PBP
ele PPCM
ion PBP
tot Z∗(Mn) Z∗(Op) Z∗(Oap)
145.3 141.9 2.1 3.5 6.1 3.8  2.6  3.5
Table 1: Relevant calculated properties in HoMnO3 . First two columns: Mn O Mn angles,
broken down into values for the case of parallel (αp) and antiparallel (αap) spin. Third to ﬁfth
columns: polarization values calculated when considering only the electronic polarization in the
original centrosymmetric structure (PBP
ele ), or only the PCM value upon structural relaxation
(PPCM
ion ) and the total Berry phase polarization for the relaxed ionic coordinates (PBP
tot ). Sixth
to eighth columns: (3,3) components of the Born eﬀective charge tensors, for Mn ions (Z∗(Mn))
and the two inequivalent in plane oxygens (Z∗(Op) and Z∗(Oap)).
54a function of the rare earth [78]. Recall that the rare earth cation has primarily the eﬀect
of increasing the octahedral GdFeO3 like tilting as a result of reducing the ionic size when
moving, say, from La to Lu; on the other hand, the Jahn Teller like distortions are weakly
aﬀected by the rare earth atom [78,97]. The structural modiﬁcations (relative to the Mn O 
Mn angles) have in turn important consequences on the magnetic and dipolar order. As for
the former, we have shown [78] that the ﬁrst nearest neighbor ferromagnetic exchange coupling
constant progressively weakens upon decreasing the ionic radius, whereas the strong second 
nearest neighbor AFM exchange constant is more or less constant along the series. This implies
the progressive change of the magnetic ground state from A type (in early rare earth manganites)
to E type (in late rare earth manganites), going through the intermediate region (R = Tb, Dy)
where the spin spiral occurs as ground state. What happens to polarization? To perform a
complete investigation of the ferroelectric properties as a function of the octahedral tilting, we
have imposed the E type magnetic state on all the rare earth manganites, irrespective of the
actual magnetic ground state. This is a typical example of a “computer experiment”: within
DFT, at variance with real experimental samples, one can impose several diﬀerent structural,
electronic or magnetic conﬁgurations (not necessarily the ground states) to have clear insights
on speciﬁc phenomena or to separate several competing eﬀects.
What we focus on here is the construction of Wannier functions (WF) [22,95] for the Mn eg,
Mn t2g and O p band manifolds and on the position of the WF center with respect to the
relative ionic site. The diﬀerence between the polarization calculated according to the point 
charge model and via the Berry phase approach is commonly referred to as the “anomalous”
contribution to polarization. As such, it reﬂects somewhat the deviation from a purely ionic
state or, equivalently, highlights the covalent character of the atomic bonds and, in turn, of the
electronic structure. Moreover, we also recall that the polarization via the Berry phase approach
is equivalent to the sum of the displacement of the center of each WF from the position of the
corresponding ion plus PCM contribution. The latter was shown [78] to be rather unaﬀected by
the R ion, with a value PPCM
ion ∼ 2  C/cm2.
In Fig. 7 we report the diﬀerent contributions to the total polarization in the spin up channel
coming from the displacements of the WF centers for the Mn eg, Mn t2g and O p, along with their
sum (leading to the spin up “anomalous contribution”). We note that Mn t2g states contribute
in an opposite way with respect to Mn eg and O p states, the total P having the same sign
as the two latter contributions. Moreover, it is quite clear that, whereas the O p and Mn t2g
depend relatively little on the rare earth ions, the eg contribution is very sensitive to structural
distortions. Indeed, for a hypothetical LaMnO3 in the E type spin conﬁguration, there would be
a total polarization (coming from twice the spin up contribution shown in Fig. 7 plus the PCM
term), summing up to a value greater than 10  C/cm2! This conﬁrms the strong sensitivity
of the eg states to the Mn O Mn angle: as reported in Ref. [78], the hopping integral strongly
decreases when moving from La to Lu, consistent with a progressively reduced band width.
Whereas promising ways to increase P would appear in the early rare earth manganites (but
where unfortunately the magnetic ground state is the (paraelectric) A type AFM), the total
polarization seems pretty much “saturated” to a value of the order of 6  C/cm2 in going from
Ho to Lu.
We would like to comment now on the comparison with experiments. First of all, we remark
55that several problems exist with the experimental synthesis of the late R manganites: indeed,
the stable structure is hexagonal, not orthorhombic [97,98]. Modern growth techniques, such
as high pressure high temperature synthesis, can do the job and synthesize ortho manganites
for late rare earths, leading however not to single crystals but rather to polycrystalline samples.
This poses problems for the exact evaluation of ferroelectric polarization, due to possible diﬀerent
orientations of the polarization vector in the polycrystalline grains. To our knowledge, there
exists several values in the literature. Lorenz et al. [99] reported P ∼ 0.001  C/cm2 for HoMnO3,
i.e. a value smaller by two or three orders of magnitudes than our ab-initio estimates. On the
other hand, a much larger value was recently reported in AFM E TmMnO3 [100]: a lower bound
of (unsaturated) polarization of about 0.15  C/cm2 was measured, in much better agreement
with our theoretical values. This is especially so, since Pomjakushin et al. [100] suggested that
the threshold of 1  C/cm2 could be easily achieved in the case of single crystals. In this respect,
we would also like to remark that the values discussed so far are calculated within a bare DFT
approach. It is however well known that DFT fails in accurately modelling strong correlation
eﬀects, which might occur in manganites. However, the inclusion of an Hubbard like correction
according to the so called LSDA+U approach for Mn d states in HoMnO3 , lead to values of
the polarization all larger than 1–2 C/cm2 for U ≤ 8 eV. Recently, in Ref. [101], the authors
reported a theoretical model in the context of electromagnon excitations in RMnO3. One of the
outcome was the estimate of the polarization in E type manganites based on optical absorption
data measured for TbMnO3 in the spiral phase: P was found to be of the order of 1  C/cm2,
therefore large and compatible with our theory estimates. Though some controversy is still
present, there are more and more conﬁrmations that the polarization in E type is much higher
than in the spiral phases studied so far, consistently with the generally accepted argument that
magnetostrictive eﬀects in the symmetric Heisenberg like exchange should be stronger than in
the antisymmetric DM part.
3.1.2 Half-doped manganites: La0.5Ca0.5MnO3
Hole doped manganites (i.e. A1−xBxMnO3 where A = La, Pr, ...and B = Ca, Sr, ...) show
a rich physics, with exciting phenomena ranging from charge ordering to half metallicity, from
colossal magnetoresistance to exotic phase diagrams, from orbital ordering to metal insulator
transitions. We will here discuss the possibility that hole doped manganites, with a hole 
concentration x ∼ 0.5, might also become ferroelectric and, therefore, multiferroic.
La0.5Ca0.5MnO3 (denoted in the following as LCMO) is a very complex system from many
points of view (electronic, structural, magnetic, etc.) and, despite the many decades of work
since the ﬁrst seminal paper [102], its properties have not been clearly elucidated. In particular,
even the exact ionic coordinates and related symmetries are still debated. Two main models
have been proposed so far: a) the ﬁrst one, proposed by Radaelli et al. [103], is based on
a site centered charge ordered (SC CO) Mn3+/Mn4+ checkerboard arrangement in the MnO2
plane (see Fig. 8c), in which the octahedron around Mn3+ is Jahn Teller like distorted, whereas
the octahedron around Mn4+ is rather regular; b) the second one, proposed by Rodriguez et
al. [104] and referred to as a bond centered charge ordered (BC CO), is based on a structural
dimerization of Mn ions (all in a d4 conﬁguration). This leads to a peculiar OO: at variance
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Figure 8: a) Checker board arrangement of Mn3+ and Mn4+ in the MnO2 plane in the SC CO
structure. The AFM CE magnetic conﬁguration is shown by double zigzag up (black arrows)
and down (red arrows) spin chains. b) Sketch of the θ rotation: the spins on two neighboring
Mn atoms in the up spin chain are rotated clockwise by θ (green arrows), along with two
corresponding spins on neighboring Mn in the down spin chain rotated clockwise by θ (blue
arrows). c) The schematic orbital ordering in the SC CO structure: ideally, there should be
an elongated Jahn Teller like eg orbital centered on the Mn3+ site and no eg like charge on the
Mn4+ site. d) The schematic OO in the BC CO structure: the two Mn ions in the dimer show
their eg orbitals oriented one towards each other. ZP units (i.e. two Mn and the O in between)
are highlighted by ellipses.
with the staggered OO previously mentioned for LaMnO3, here the ﬁlled Mn eg orbitals in the
dimer point one towards each other. With respect to the mother compound, LaMnO3, there is
one extra hole every two Mn: the (spin polarized) hole is believed to be located on the central
O in between the two Mn. This peculiar unit (formed by two Mn and the O in between) is
often referred to as “Zener polaron” (ZP) [105,106], after the Zener double exchange mechanism
which should be enhanced here (see Fig. 8d).
As far as the magnetic spin conﬁguration is concerned, the so called CE type AFM (i.e. double
zig zag spin chains in the MnO2 plane, cfr. Fig. 8a) has been proposed as ground state.
We will here focus on two diﬀerent mechanisms which might lead to improper ferroelectricity in
LCMO:
• The ﬁrst one is based on breaking inversion symmetry in the spin chains through a rotation
58(by an angle θ) of the spins on two nearest neighbor Mn in the up zigzag chain, along with
a corresponding rotation of two spins in the down spin chain (cfr. Fig. 8b), so as to keep
a global AFM character. This follows the theoretical proposal put forward by Efremov et
al. [107], who ﬁrst suggested the possibility of multiferroicity in manganites. According
to Ref. [107], such rotation should progressively lead from a fully SC CO (in the ideal
CE type, θ = 0◦) to a fully BC CO for θ = 90◦ (where the dimerization process driven by
spin ordering is maximized). Efremov et al. predicted that, in both the extreme cases, θ =
0◦ and θ = 90◦, the polarization should vanish: for θ = 0◦, the checkerboard arrangement
should be fully centrosymmetric (both structurally and electronically), whereas for θ = 90◦
the Mn should not show any charge disproportionation. However, for in between values of
θ, the intermediate SC CO/BC CO should lead to a small charge disproportionation and,
therefore, to inequivalent Mn (at variance with the ZP state and reminiscent of the site 
centered CE type). In this case, inversion symmetry would be broken by spin dimerization,
therefore paving the way to ferroelectricity;
• The second mechanism occurs in the structure experimentally proposed by Rodriguez et
al. [104]. The related unit cell shows a “structural” Mn Mn dimerization and implies
a realization of a BC CO, not invoking (non collinear) magnetic mechanisms as in the
previous case, but rather thanks to electronic rearrangement — such as OO — following
the structural distortions. Still, in this case, our mechanism for multiferroicity is once
more a (collinear) magnetically induced mechanism based on the inequivalency of some
speciﬁc oxygen atoms, as will be detailed below.
Due to the large unit cell (80 atoms, needed to simulate the CE type AFM ordering, along with
a checkerboard arrangement of La and Ca cations) and the need of non collinear spin magnetism
(needed to simulate ﬁnite values of θ), the computational cost of these simulations is very high.
For this reason, the ionic positions were not optimized within DFT, but were rather kept frozen
in the structure proposed either by Radaelli [103] or by Rodriguez [104], labelled in what follows
as LT M or by LT O, respectively. Unfortunately, the lack of ionic minimization forbids any
DFT prediction of the actual structural and magnetic ground state from total energy arguments;
this calls for future studies. From our calculated values for unrelaxed structures, it seems that
the CE with SC CO is the phase showing lowest total energy; however, for example, the SC CO
state with a rotation θ = 45◦, is higher in energy by only ∼ 4 meV/Mn. One can therefore
conjecture that, in real samples, there might be a coexistence of nanoscale regions with diﬀerent
magnetic structures (i.e. with zero and ﬁnite θ values).
Before discussing the relevant ferroelectric properties, let us mention some general features
in the electronic structures of the LT M and LT O systems, both in the CE type AFM spin
conﬁguration (i.e. θ = 0). In Fig. 9 we show the isolines of the electronic charge plotted in the
energy region where the Mn eg states are located. It is clear that in the LT M (Fig. 9a) the
shape of the eg electronic cloud, centered on the “nominal” Mn3+, is markedly elongated towards
the neighboring Mn4+ with parallel spins. On the other hand, the Mn4+ show a very isotropic
distribution of the charge. The situation is diﬀerent in the LT O structure (Fig. 9b), where the
OO clearly shows the eg orbitals forming “dimers” with their charge distribution pointing one
towards the other, as driven by the underlying ionic conﬁguration. Let us mention a note on the
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Figure 9: Isolines of the eg charge in a) the LT M SC CO and b) the LT O BC CO structures.
Red (blue) lines marks the minimum (maximum) charge, through the intermediate green lines.
In a), black arrows mark the Mn spin directions. In b), ZP are highlighted.
CO: consistently with previous reports, the actual charge disproportionation in LCMO within
DFT is of the order of only 0.1–0.2 electrons in the LT M SC CO, at variance with the ideal
situation of “full” charge disproportionation, where the eg electron cloud should be completely
distributed around the Mn3+, with no charge on the Mn4+. In this sense, the calculated OO
in the LT M (cfr. Fig. 9a) is diﬀerent from the nominal situation (cfr. Fig. 8c) with clear
signatures of eg charge also around the Mn4+. We remark, however, that the small charge 
disproportionation detected in the LT M structure becomes really negligible (<0.02 electrons)
in the LT O BC CO; this suggests that it is still meaningful to consider the LT M → LT O
transition as a corresponding SC CO → BC CO transition.
Let’s now consider what happens in the LT M structure upon increasing θ from the initial
zero value: our calculated electronic structures (not shown, see Ref. [85]) indicate a decreasing
eg band width and a related increasing band gap. This can be rationalized by comparing the
spin arrangement with ﬁnite θ with the original CE type. Upon spin rotation, the eg electron
— which could hop equivalently on the two nearest neighbor Mn4+ on both sides along the
spin chain in the CE AFM phase — will now preferentially hop on the Mn4+ which shows a
parallel spin, since hopping in the other direction is prevented by the spin misalignment. This
eﬀect would rather lead to a decreased hopping and to a reduced eg band width, at variance
with our ﬁndings. However, one needs to consider that, for θ  = 0, there will be an increasing
probability to hop on the neighboring spin chain (prevented by opposite spin conﬁguration in
the CE AFM phase). Overall, there will be therefore an increased hopping integral, consistently
with our ﬁndings and with Hamiltonian modelling studies, as well [85].
60For our purposes, the most important ﬁnding is that a ﬁnite θ in the LT M induces a rather
large polarization, as shown in Table 2 (ﬁrst line), with an increasing parabolic trend of P
vs. θ. We note that this is a purely electronic polarization, since the ions are ﬁxed in their
centrosymmetric arrangement [103]. The Heisenberg like symmetry breaking — as driven by
spin rotation — is therefore conﬁrmed as an eﬃcient tool to induce large ferroelectricity (recall
that spin orbit coupling and the related DM interaction is neglected in the present context).
We will now focus on the calculated values of P in the LT O structure (see Table 2) and start
the discussion for the θ = 0 case. Without any magnetic ordering imposed and as determined
experimentally, the LT O structure shows a P21nm space group: this implies that some in plane
oxygens are structurally equivalent (shown in the same color in Fig. 10), due to the 21 screw
symmetry. However, when imposing the AFM CE spin conﬁguration, the Oxygen equivalency
is lifted: there is an alternation of Op bonded to two parallel spins and of Oap bonded to two
antiparallel spins. This is suﬃcient to give rise to ferroelectricity in the direction shown in Fig. 10.
Remarkably, the induced polarization reaches the surprisingly large value of several  C/cm2.
To further verify that a magnetically induced mechanism is the source of the ferroelectricity, we
have also performed a θ like rotation of the spin dimers, similar to the previous case of the LT M
(cfr. Fig. 8 b)). In this case, upon spin rotation, the inequivalency of the Oxygens crossing the
21 axis is reduced. In the extreme situation, θ = 90◦, all the O atoms are now bonded to two
Mn with perpendicular spins: in this conﬁguration, they all look equivalent and the source of
polarization vanishes. Indeed, DFT calculations conﬁrm that this is the case (cfr. Table 2). In
summary, our DFT results (both from HoMnO3 and LCMO) oﬀer a conﬁrmation that the O
inequivalency is an eﬃcient handle to achieve and/or tune a large ferroelectric response.
3.2 Problems and perspectives in Improper multiferroics
As indicated by the huge interest in the last few years, magnetically driven ferroelectrics, with
ortho TbMnO3 taken as prototype, are with no doubt an exciting class of materials. However,
there are a few bottlenecks which prevent their use in large scale applications: i) their polariza 
tion is generally very small (≤ 0.1  C/cm2); ii) their ordering temperature is very low (of the
order of few tens of K); iii) being globally antiferromagnets, their net magnetization is always
zero (a ferromagnetic spin ordering alone cannot break inversion symmetry!). In this respect,
we will certainly see some activity in future years to get rid of these problems.
As shown in this review, at least point i) can be beautifully overcome when considering Heisenberg 
like exchange striction, as shown in E type manganites. The ordering temperature of the latter
is, however, extremely low (TN(HoMnO3 ) ∼ 26 K). One possibility to increase the ordering
0◦ 22.5◦ 45◦ 67.5◦ 90◦
LT M 0.0 0.19 0.66 1.56 2.70
LT O 7.18 6.62 5.13 2.84 0.0
Table 2: Berry phase polarization (in  C/cm2) calculated in the LT M and LT O structure as
a function of spin rotation angles θ (ﬁrst line).
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Figure 10: Atomic conﬁguration in the MnO2 plane of the LT O structure: symmetry equivalent
atoms are marked in the same color. Note that red and black spheres mark Mn atoms: despite
being symmetry inequivalent, the two kinds of Mn are only marginally diﬀerent from the elec 
tronic point of view, with small diﬀerences in the Mn O bond lengths (see Ref. [104].). Hori 
zontal lines mark the two 21 screw axes in the unit cell, crossing the O atoms (marked as grey
and yellow). The blue arrows on the Mn ions denote the spin directions in the AFM CE spin
conﬁguration: when considering the spin directions, the grey atoms (structurally equivalent by
symmetry) become electronically diﬀerent: they are alternatively bonded to two parallel Mn
spins and to two anti parallel spins (see labels on two selected oxygens).
temperature without losing the non centrosymmetric Heisenberg like exchange striction is to
consider rare earth nickelates [86] (for example, TN(HoNiO3) = 145 K, TN(LuNiO3) = 130 K,
etc.). Nickelates are rather complex materials, with several important issues still under debate,
including the origin of their metal insulator transition as well as their spin conﬁguration. As
for the latter, both non collinear and collinear spin arrangements have been put forward from
neutron diﬀraction studies [108,109]. In addition, nickelates show a charge disproportionation:
Ni ions, in the nominal 3+ valence state, split into two groups of Ni2+ and Ni4+ [110]. This adds
one degree of freedom to achieve ferroelectricity. For example, as suggested in Ref. [111], one
of the proposed magnetic conﬁgurations shows, along the [111] direction, a sequence of Ni2+ 
Ni4+ Ni2+ Ni4+ as for charge ordering and a sequence of ↑↑↓↓ planes as for spin ordering. The
combination of spin and charge ordering would break centrosymmetry, leading to a polarization
along the [111] direction. Another spin conﬁguration, proposed by experiments, seems to be
very similar to the E type in HoMnO3 , the only diﬀerence being the stacking of TMO2 (TM
= Mn, Ni) planes: whereas the out of plane coupling is always AFM in HoMnO3 , in nickelates
there are NiO2 alternatively coupled ferromagnetically and antiferromagnetically. However, the
diﬀerent out of plane stacking does not destroy the mechanism for polarization, induced in a
way very similar to HoMnO3 . Our preliminary calculations [86] show that the two mentioned
collinear magnetic ground states in monoclinic RNiO3 (R = Ho, Lu) are basically degenerate
(i.e. the diﬀerences in total energies are below our numerical uncertainty). Consistently with a
Heisenberg driven mechanism, both spin conﬁgurations give rise to a large polarization (of the
order of few  C/cm2) along diﬀerent directions, suggesting nickelates as a new and interesting
class of magnetically driven multiferroics.
62Going back to the bottlenecks mentioned above, point iii) might be overcome by considering
magnetite. In this review, we have discussed so far a few examples where spin ordering is a
necessary ingredient to break inversion symmetry. However, there are materials in which the
polarization is induced purely by charge ordering, such as LuFe2O4 and Fe3O4 below the Verwey
transition temperature (i.e. corresponding to the metal insulator transition, TV ∼ 120 K). In
magnetite, the spin arrangement is ferrimagnetic (i.e. tetrahedral and octahedral Fe sites show
up and down spin, respectively). The role of magnetism, however, does not seem to be relevant
for polarization. Magnetite is a complex and controversial system: the Fe2+/Fe3+ charge order 
ing pattern on octahedral iron sites is still under debate [112,113]. However, the Cc symmetry
has been proposed by diﬀraction studies and conﬁrmed from ﬁrst principles to be the ground
state [114]. In the Cc case, octahedral Fe sites, form a corner sharing tetrahedron network: 75%
of the tetrahedra show the so called ”3:1” pattern (meaning that, in each tetrahedron, 3 sites
are Fe2+ and one is Fe3+ or vice versa), whereas 25% show a 2:2 pattern (meaning that 2 sites
are Fe2+ and two are Fe3+ in the tetrahedron). It happens that the Cc is non centrosymmetric;
indeed, our DFT calculations [84] show the polarization induced by charge ordering to be of
the order of few  C/cm2, suggesting magnetite to be the ﬁrst improper multiferroic known to
mankind.
4 Summary and Conclusions
In summary, we have presented some examples which show the power of DFT based methods in
the ﬁeld of multiferroic materials. This includes: i) rationalizing experimental observations in
known multiferroics, ii) designing new (artiﬁcial) multiferroics with optimized properties (larger
ferroelectric polarization, strong ferromagnetism, higher ordering temperatures, etc.), and iii)
proposing and quantifying novel microscopic mechanisms, based on electronic degrees of freedom,
which potentially lead to ferroelectricity in magnetic transition metal oxides.
It is apparent that the ﬁeld of proper magnetic ferroelectrics has a relatively long history: many
of these materials have already been studied in the 1960s or later, but have only recently been
rediscovered. Due to substantial advancements in experimental synthesis and characterization
techniques on one side, and the availability of powerful computational methods together with new
theoretical approaches on the other side, substantial progress in understanding these materials
has been achieved during recent years. Similar to the the case of non magnetic ferroelectrics,
ﬁrst principles calculations have shown a remarkably high degree of accuracy, reliability, and
predictive capability for the class of proper multiferroics. Nevertheless, many open questions
still remain, in particular how to achieve large polarization, large magnetization, and strong
magneto electric coupling above room temperature, or what mechanisms for coupling between
magnetic and ferroelectric properties do exist in these materials.
On the other hand, the ﬁeld of DFT calculations for improper multiferroics is only a couple of
years old. As such, it is not clear at the moment how accurate the predictive capabilities of cur 
rent DFT approaches are for relevant quantities such as structural or electronic properties and,
most importantly, polarization. On the experimental side, the synthesis of some compounds (i.e.
as shown for ortho manganites with late rare earth ions) is not under full control, making the
63theory experiment comparison rather complicated. On the modelling side, the role of electronic
correlations (where DFT often shows its limits) is certainly more relevant in improper than in
proper magnetic ferroelectrics. In this respect, future developments on the theory side (i.e.
invoking novel exchange correlation functionals to better describe many body eﬀects) are desir 
able. As such, a strong interaction with the experimental and model Hamiltonian communities
active in the ﬁeld, as well as the extension of DFT studies to a much larger set of materials
(showing diﬀerent microscopic mechanisms or simply diﬀerent chemical, structural, or electronic
properties), will be necessary to achieve a satisfactory qualitative and quantitative description
of the complex physics at play in improper multiferroics.
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